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FOREWORD 

An  investigation  of  fundamental  molecular  processes  in  support  of  laser  sys- 
ti  in  design  was  Ix’gun  at  the  Environmental  Research  Institute  of  Michigan,  formerly 
the  Willow  Hun  Laboratories  of  the  Institute  of  Science  and  Technology.  The  Uni¬ 
versity  of  Michigan  for  the  Advanced  Research  Projects  Agency  under  Contract  No. 
DAI1C- 15  -67-C-00C2.  The  current  effort  is  a  continuation  of  this  work  performed 
under  Contract  No.  DAAH01 -72-C-0573.  This  current  work  concerns  transition 
probabilities  for  several  molecules  and  the  transfer  of  vibrational  and  rotational 
energy  between  HF  molecules.  The  work  was  performed  with  R.  E.  Meredith  as 
Principal  Investigator  for  approximately  six  months.  Dr.  Meredith  left  The  Uni¬ 
versity  of  Michigan  on  1  June  1972,  and  at  this  time  Mr.  George  Lindquist  became 
Principal  Investigator.  Direcior  of  the  program  is  R.  R.  Legault.  Contracting  Of¬ 
ficer  is  Dr.  Fred  Ilaak  of  the  ARP  A  Support  Office,  Army  Missile  Command,  Hunts¬ 
ville,  Alabama.  The  Institute  number  for  this  report  is  191300- 1  - P. 

The  authors  wish  to  thank  Robert  Turner  for  his  contributions.  The  authors  of 
Section  5  wish  to  acknowledge  the  cooperation  of  The  University  of  Michigan  Physics 
Department.  Particular  thanks  are  due  to  Professor  C.  W.  Peters  for  his  interest  and 
helpful  discussion. 

The  views  and  conclusions  contained  in  this  document  are  those  of  the  authors 
and  should  not  be  Interpreted  as  necessarily  representing  the  official  policies, 
either  implied  or  expressed,  of  the  Advanced  Research  Projects  Agency  or  the 
U.S.  Government. 

The  contract  expired  31  Decembe1  1972. 
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ABSTRACT 

A  complete  set  of  electric  dipole  transition  probabilities  for  ilCl  has  been  com¬ 
peted  by  means  of  a  numerical  procedure  developed  previously.  To  produce  these 
computations,  the  dipole  moment  and  lnternuclear  potential  for  the  HC1  molecule 
were  modeled  with  the  available  experimental  data  The  results  are  presented  in 
tabular  form  for  vibrational  nuantum  states  from  0  to  12,  for  changes  in  vibrational 
states  between  0  and  5,  and  for  all  rotational  states  between  0  and  35.  Progress  on 
experimental  measurements  of  the  intensity  of  the  v  0  to  v’  =  4  band  of  CO  are  in¬ 
cluded  as  well  as  progress  on  an  experiment  to  measure  rotational  relaxation  in  an 
excited  cell  of  HF. 

Measurements  of  the  strengths  and  widths  of  lines  in  the  v  0  to  v'  3  band  of 

II F  are  reported.  This  work  was  begun  under  an  earlier  contract  with  the  Advanced 

Research  Projects  Agency,  and  was  completed  under  the  current  contract.  The 

electric  dipole  matrix  element  for  the  band  has  been  determined  from  the  measured 

-21 

strengths  to  be  1.628  x  10  esu-cm.  The  rotational  dependence  of  the  measured 
hah'  widths  agrees  with  the  Anderson  theory  of  collision  broadening  if  off-resonant 
collisions  are  taken  Into  account.  A  complete  code  has  been  written  to  compute  line 
widths  resulting  from  collision  broadening.  A  section  describing  this  program  is 
included.  Sample  calculations  which  show  good  agreement  with  available  experi¬ 
mental  data  are  presented. 
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Aii  original  objective  was  to  measure  absorption  line  strengths  (or,  equivalently,  elertric 
dipole  matrix  elements)  in  the  second  overtone  band  of  CO  However,  since  results  have  been 
published  for  this  band  for  near-Doppler  lines  |L’|,  we  will  perform  measurements  primarily 
on  the  third  overtone  band,  returning  to  the  second  overtone  to  determine  Lorentz  widths  if 
scheduling  permits  it. 


Present  plans  are  to  determine  individual  vibration-rotation  line  strengths  and  Lorentz 
half  widths  in  the  v  0  -  v  4  band  of  CO  for  gas  pressures  near  2  atm.  Path  lengths  on  the 
order  of  200  m  will  be  used.  The  experimental  preparations  aie  going  well  and  we  expect  to  en- 
,-ountt  i  no  problems  in  the  completion  of  this  portion  of  the  program.  The  progress  of  this 
effort  is  reported  in  detail  in  Section  2.3. 


The  CO  molecule  will  be  modeled  during  the  second  half  of  the  contract  period  when  we 
have  the  outcome  of  the  experimental  intensity  measurements.  The  results  of  the  cxperinienta 
strength  and  matrix-element  determinations  and  the  calculations  for  CO  will  be  included  in  the 
tmal  report. 
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1  2.  TASK  II  MOLFCl'LAR  ENERGY  TRANSFER  RATES 

Because  of  the  various  processes  which  compete  with  a  laser  action,  in  the  design  and 
operation  of  chemical  lasers,  it  is  necessary  to  know  the  rates  at  which  energy  in  the  various 
degrees  of  freedom  is  transferred  among  molecules.  Molecular  collisions  with  th  *  cavity  walls, 
molecular  diffusion  into  and  out  of  the  active  region,  and  collisions  between  molecules  In  the 
active  gas  medium  nil  produce  changes  in  the  population  of  the  various  energy  states  In  Task 
II,  we  are  concerned  with  the  redistribution  and  loss  to  translation  of  rotational  and  vibrational 
energy,  as  the  result  of  collisions  among  the  gas  molecules  within  the  active  medium 


The  primary  objective  of  these  studies  is  to  determine  experimentally  the  populations  or 
II f  molecules  as  functions  of  (1)  time  and  (2)  their  vibrational  and  rotational  stale  in  cells 
containing  excited  HF  and  in  the  absence  of  diffusion  and  wall  effects  Once  radiative  processes 
are  accounted  for,  experimental  transfer  rates  resulting  from  collision  processes  can  be  de¬ 
termined  From  these,  energy-transfer  cross  sections  for  the  various  processes  can  be  de¬ 
termined 

In  the  experiment  presently  being  prepared,  the  stimulation  In  the  HF  cell  Is  to  be  produced 
by  an  HF  laser  operating  on  a  single  HF  vibration-rotation  line.  This  w'  ’  produce  an  excitation 
condition  In  which  the  molecules  in  all  but  one  particular  rotational  state  will  have  a  Boltzmann 
distribution  of  rotational  energy.  A  fraction  of  those  molecules  In  the  selected  rotational  state 
will  be  raised  from  ’he  v  =  0  to  the  v  =  1  level  by  absorption  of  the  energy  from  the  monochro¬ 
matic  HF  laser  fc^am, 
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Tin1  relaxation  of  this  excitation  condition  is  expected  to  occur  primarily  by  collisional 
processes,  first  by  equilibration  of  the  rotational  energy  of  the  molecules  excited  to  the  v  1 
level  and  then  bv  equilibration  of  the  vibrational  energy  back  to  the  original  state  We  will 
monitor  the  relaxation  process  by  monitoring  the  absorption  of  the  beam  from  a  second  HF 
laser  of  verv  low  power  This  laser  will  also  operate  on  a  single  I1F  line.  The  rotational  re¬ 
laxation  will  be  monitored  by  observation  of  the  absorption  of  the  probe  laser  operating  in  .1 
v  I  to  v  2  transition  eitlx  r  at  the  same,  or  at  a  different  rotational  state  from  that  pumped 
bv  the  slim  ila'ing  laser,  fiv  monitoring  the  absorption  of  this  probe  laser  as  a  function  of  ime, 
tin  variation  sn  the  population  of  a  given  vibration-rotation  state  with  time  can  be  determined, 
flu  details  ot  the  r<  'ational  relaxation  process  can  be  determined  from  a  series  of  such  mea¬ 
surements  in  which  the  stimulating  transition  is  not  changed  but  the  transition  ol  the  probe  la¬ 
ser  is  varied 

\  si  t  ol  compulations  showing  the  feasibility  ol  such  an  experiment  is  presented  in  Sections 
'1.1  tlirou  h  3.1.  Some  ol  the  requirements  on  the  stimulatii  g  and  probe  lasers  ate  discussed 
and  the  (  tied  ot  radiative  relaxation  on  the  measurements  is  considered  Some  alb  mate  means 
ol  moniiornig  ihc  relaxation  process  are  di -cussed  and  the  choice  of  probe  laser  absorption  men 
siiremeuts  over  I  luoresrence  measurements  is  juslilied  The  apparatus  to  perloim  the  expen 
moot  is  being  assembled  The  progress  made  to  date  is  reported  In  .Section  11.3 

1  .3  ADDITIONAl  KFFOHT 

We  expended  some  effort  to  write  and  test  .1  code  for  computing  collision-broadened  line 
widths  using  Anderson's  theory  ot  collision  broadening  |3|. 

The  variation  In  the  gain  of  the  laser  medium  with  frequency  is  a  very  important  factor 
when  the  mode  structure  of  the  laser  Is  a  consideration  Line  broadening  resulting  from  col¬ 
lisions  Is  important  as  a  homogeneous  broadening  mechanism  in  gas  lasers  which  operate  at  01 
near  atmosplu  'ie  pressure.  Hence,  knowledge  of  the  collision-broadened  widths  can  ho  an  tm 
portant  parameter  in  some  laser-design  situations.  Yet  measurements  of  collision -broadened 
widths  are  difficult  and  have  been  performed  only  for  a  relatively  s  tall  number  of  active  gus- 
perturber  combinations.  In  narticular,  determinations  of  the  collisional  broadening  of  the 
transitions  of  the  active  gases  in  gas-laser  media  are  largely  nonexistent.  Measurements  of 
the  broadening  In  such  cases  would  be  very  difficult  because  of  the  complex,  nonequlllhrlum 
nature  of  Ihe  gas  tn  the  cavity.  Theoretical  computer  codes  to  perform  such  calculations  are 
hence  a  useful  tool  for  predicting  such  effects.  The  code  which  we  have  generated  provides  a 
useful  beginning  although  It  is  limited  to  diatomic  and  linear  molecules. 
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The  technique  used  in  the  code  is  described  in  detail  in  Section  4.  Some  sample  calcula¬ 
tions  are  also  presented  Some  of  these  calculations  represent  the  conditions  under  which 
collision-broadened  half  widths  were  obtained  experimentally  in  other  prop-;;  ms.  The  agree¬ 
ment  between  the  half  widths  predicted  by  the  computer  code  and  the  experimental  half  widths 
is  verv  food. 

Seeti  in  5  includes  the  measurements  of  the  v  0  -  v  3  dipole  matrix  elements  of  llh 
performed  partially  under  a  previous  chemical  laser  study  contrad,  Contract  No.  DAHC-1  '-67- 
00062.  This  work  was  not  completed  under  that  contract  and  hence  was  not  reported.  How- 
.  ver.  because  of  its  connection  to  the  present  effort  it  was  completed  undi  r  tlu  present  contract 
and  we  led  it  appropriate  to  report  it  here.  The  measurements  performed  during  that  effort 
were  surecsslul  and  complete;  the  results  obtained  were  utilised  in  the  complete  set  of  matrix 
elements  calculated  for  II h  under  the  previous  contract  |1|. 

Appendix  1  presents  a  derivation  of  the  equations  poverninp  the  interactions  of  radiation 
with  matte  r  described  bv  the  Kinstein  coetficients  and  is  supplemental  to  Section  3.  Appendix 
II  contains  the  detailed  results  of  the  matrix  element  calculations  performed  for  MCI. 
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MATRIX  ELEMENT  CALCULATIONS  AND  INTENSITY  MEASUREMENTS 
F.  G.  Smith.  G.  II.  Lindquist,  and  R.  L.  Spclliry 

2.1.  MATRIX  ELEMENT  CALC  l  LATIONS 

Consider  a  tins  having  a  nonequilibrium  population  of  vibrational  and  rotational  states  so 
that  a  known  population  inversion  exists.  In  order  to  determine  the  ability  of  that  gas  to  produce 
stimulated  emission  and  hence  lasing  action  in  its  vibration-rotation  bands,  it  is  necessary  to 
know  the  transition  probability  for  stimulated  emission  for  the  states  involved  in  the  inversion. 

Eor  a  pat  tit  ular  change  of  state,  the  three  Einstein  coefficients  represent  transition  prob¬ 
abilities  lor  spontaneous  emission,  stimulated  emission,  and  stimulated  absorption  ol  radiation. 
These  Einstein  coefficients  are  a  molecular  propc  rty  and,  in  the  case  ol  vibration  and  rotation, 
can  be  related  to  a  quantum  mechanical  description  of  the  vibrational  and  rotational  motion  ol 
that  molecule  and  its  di|M>lc  moment.  It  has  been  shown  that  the  three  Einstein  eoellieicnts  an 
each  directly  proportional  to  the  quantum  mechanical  electric  dipole  matrix  element  lor  that 
transition  |4|  Hence,  determination  ol  such  matrix  elements  is  extremely  uselul  m  the  deter 
initiation  of  the  required  transition  probabilities. 

The  most  accurate  method  ol  determining  transition  probabilities  is  by  measuring  absorp¬ 
tion  under  equilibrium  conditions  In  which  the  population  of  stale  s  is  well  known,  llou over,  such 
measurements  cannot  lie  made  on  many  of  the  transitions  ol  Interest  In  Riser  (.Indies  bora  iso 
the  states  involved  are  not  significantly  populated  at  reasonable  temperatures.  The  computation 
ol  tin  electric  dipole  matrix  elements  associated  with  such  transitions  provides  a  powcrlul  tool 
for  the  estimation  of  tin  transition  probabilities. 

2.1.1.  THE  DIPOLE  MOMENT  AND  CALCULATED  MATRIX  ELEMENTS  FOR  1IC1 

The  electric  dipole  matrix  element  for  the  v.  J  -  v'.  .1'  transition  Is  defined  by  the  follow¬ 
ing  1 1 1 : 

<v.  Jl/j(r)lv’.  J’>  jVyl  j,/i(r)^v  jr2dr 

where  j.  the  radial  wavefunctlon  for  the  upper  state  of  the  transition 

Vie  the  radial  wavefunctlon  for  the  lower  state  of  the  transition 
v.J 

•  #u({)  *  the  dipole  moment  as  a  function  of  r 
r  =  the  Inter  nuclear  separation 

v.  v’  =  the  lower-and  upper-state  vibrational  quantum  numbers 

J,  J  =  the  lower-  and  upper-state  rotational  quantum  numbers 
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Calculation  of  the  matrix-element  integral  requires  initial  and  final  state  wavefunctions 
and  the  molecular  electric  dipole  moment  function.  Once  the  form  of  the  potential  (unction  is 
known  the  wavefunctions  are  calculated  by  numerical  integration  01  the  Schrodinger  equation. 

Our  procedure  allows  any  functional  form  for  the  dipole  moment  function,  but  experimental  in¬ 
tensity  data  arc  required  to  dett  i  nline  the  values  of  the  coefficients  of  the  dipole  moment  func¬ 
tion.  The  procedure  used  to  establish  the  potential  and  dipole  moment  functions  is  described 
In  I  >w  and  the  results  are  used  to  calculate  1IC1  matrix  elements. 

2.1.2.  DETERMINATION  OF  THE  IN’TERMOLECl  I. Alt  POTENTIAL:  GENERAL  CON  - 
SIRKR  ATIONS 

1  In  three  most  commonly  used  potential  functions  are  the  Dunham  (or  polynomial)  poten- 
,,  i  it,,  Kvberg-Kli  in-Hees  (RKR)  potential,  and  the  Morse  potential  The  Dunham  potential 
,t,  lines  the  energy  as  a  power  series  in(r  -  r^)  where  r  is  the  intornuclear  coordinate  and  i (l  is 
ip,  ,  (|ni  librium  value  ol  inter  nuclear  distance.  In  his  original  paper.  Dunham  shows  that  the 
i  nettle  n  nts  < if  Hu  series  expansion  may  b«  obtained  directly  from  spectroscopic  constants  |  f>|. 

Hi,  Dunham  potential  allows  analytic  solution  of  the  radial  Schrodinger  equation  and  evaluation 
nt  Hu  dipoli  moment  integral  by  a  standard,  but  tedious,  application  of  perturbation  t hi  >-y. 

It.  <  .  nt  1  v  Toth.  Hunt,  ind  1’lylei  |(>|  hare  used  this  method  to  obtain  .  ilnation- rotation  .nter- 
tmn  i  t.  Inis  |..r  (1-1  0  -  2.  and  0-3  bands  of  CO.  The  Dunham  potential  is  not  very  usc- 
tul  lot  numerical  calculations,  however,  since  the  Dunham  expansion  Is  not  constrained  to 
i p, , i  (i,ii  I,  I'r.ilisi it  1. u ms  ill  the  limits  ol  large  and  small  internuciear  separations. 

I'ti.  Mors,  potential  Is  an  analytic  tunetlou  containing  threi  parameters  which  may  lie 
,  hoseu  to  obtain  agreement  with  the  vibrational  and  rotational  eia  rgy  levels  of  the  molecules. 

The  primary  ulvantage  ol  the  Morse  oscillator  over  other  analytic  forms  Is  that  it  is  simple, 
vet  its  wavefunctions  arc  analytic.  It  predicts  accurate  eigenvalues  over  a  fairly  wide  range  of 
oscillations. 

The  |<KR  iwtenttal  Is  simply  a  tabulation  of  energy  versus  Internuciear  distant  e.  constructed 
to  reproduce  the  observed  energy  levels  of  the  molecule.  The  RKR  (intent lal  is  constructed  by 
determining  the  turning  points  of  the  molecular  oscillations  with  the  Wcnt/.cl-Kratv.er-Brtllouln 
(WKD)  approximation  |7,  8.  9|.  The  procedure  requires  only  the  spectral  line  positions. 

Whatever  the  form  of  the  function,  If  It  Is  to  realistically  represent  the  potential  for  a 
diatomic  molecule.  It  must  fulfill  certain  minimal  conditions,  as  pointed  out  by  LeRoy  and 
Burns  fl0|.  The  conditions  arc  that: 

Tl)  the  outer  br.ir  h  of  the  function  should  asymptotically  approach  the  known  dissociation 
limit  of  the  electronic  state  of  the  molecule. 

(2)  the  slope  of  the  inner-branch  of  the  potential  must  be  negative. 
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(3)  'he  inner  branch  of  the  potential  must  become  steeper  with  decreasing  internuclear 
distance,  i.e.,  its  second  derivative  must  be  positive  in  that  region. 

The  Dunham  potential  does  not  fulfill  condition  (1)  since  finite  polynomial  series  diverge  at 
infinity.  Analytic  functions  generally  are  constructed  tc  fulfill  all  three  conditions  but  may  tail 
in  other  respects  e.g.  in  the  prediction  of  energy  levels.  Since  the  RKR  potential  may  be  con¬ 
structed  to  lulfill  all  conditions,  we  have  chosen  to  use  it  in  this  study. 

2.1 .3.  THE  HER  POTENTIAL 

The  i  ne ration  ot  an  PKP  potential  requires  a  know' edge  of  the  vibrational  energy  levels 
and  rotational  energy  constants  of  the  molecule  in  its  various  vibiational  states.  From  spec¬ 
troscopic  data,  Dunham  eoclficients  V.  ^  can  be  determined  which  describe  the  value  of  the 
(inanities  hv  a  power  series  in  v,  the  vibrational  quantum  number.  The  vibrational  energy  levels 
a  re  given  In 

(i  N  V  ,.<\  1  2)'  (1) 

\  i.d 

i  0 

and  the  rot.ition.il  constants  are 
m 

It  N  ’y  ,<\  •  1  2)'  12) 

v  _ _ ,  i .  1 

i  0 

The  number  ol  constants  are  chosen  to  fit  the  data  within  the  measurement  error.  The  (5  and 
U  values. or  equivalently  theY  coeflictents,  provide  input  data  which  uniquely  difine  the  HKIt 
potential.  The  method  used  to  determine  the  potential  Is  described  in  a  paper  by  Vandernlice 
et.al.  |()|.  For  the  actual  calculation  presented  later  In  this  report  wt  have  used  a  computer 
program  written  by  /are  111  |  modified  to  run  in  FORTRAN  IVon  anlBM  3G0  67  computer. 

The  necessary  Y  coefficients  for  IlCl  have  been  obtained  by  Rank,  et  al  using  v  0  through 
v  5  line  and  band  position  data  [12,  13| .  The  vibrational  and  rotational  constants  which  they 
obtained  are  given  in  column  (a)  of  Tables  1  and  2  respectively.  Using  these  constants  to  gen¬ 
erate  an  RKU  potential,  we  obtained  curve  a  of  Fig.  1.  The  dissociation  energy  corresponding 
to  the  ac"epted  DQ  value  of  4.43  eV  [14]  Is  37217  cm’1  and  Is  also  indicated  on  that  figure  as 
Dp  (Dq  Is  the  energy  difference  between  the  dissociation  limit  and  the  v  =  0  level).  It  may  be 
seen  that,  for  a  realistic  potential  function  conditions  (1)  and  (3)  are  violated  by  the  constructed 
potential.  This  is  not  surprising  since  the  Y's  used  were  determined  only  from  data  on  the  six 
lowest  vibration  states  of  the  molecule.  Since  we  are  interested  in  transitions  involving  v  as 
high  as  12,  the  potential  must  be  upgraded. 
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I  ABLE  1.  VIBIi ATIONAL  CONSTANTS  FOR  RCl 


(a) 

M 

F  mm  Rank  et  al.  f  1 2 ] 

Adjusted  Constants 

(cm'1) 

-  -1, 

(cm  ) 

'  10 

2000.9403 

2990.9270 

'  20 

-02.8180 

-52.7842 

\ 

0.2243 

0.199100 

30 

Y  . 

-0.0121 

-0.004  530 

•10 

Yso 

0.0 

-0.000800 

TAIU.F 

2.  ROTATIONAL  ENEROV 

CONS  I  ANTS  FOR  MCI 

(a) 

(10 

F  mm  Rank  et  .u,  1 1  2| 

Adjusted  Constanta 

(cm  ') 

(cm  ') 

'101 

10.593416 

10.593246 

Y11 

-0.307181 

-0.3051 12 

Y21 

0.001772 

0.00067017  5 

Y31 

-0.0001201 

0.000171434 

Y41 

0.0 

-0.0000231052 
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2.1  4.  CONSTRUCTION  OF  THE  RKR  POTENTIAL 

Inoitlrr  to  construct  an  HKH  potential  which  lulfiils  the  minimum  requirements  of  Lt  Roy 
and  Hums,  wi  luivi  followed  a  procedure  outlined  l>y  them  for  adjusting  the  Y  s  to  obtain  a  hotter 
potential  function.  This  is  a  two-step  procedure.  First  the  vibrational  constants  are  modified 
to  fulfill  condition  (1)  and  second,  the  rotational  constants  are  adjusted  until  conditions  (2)  and 
(2)  are  met . 

Condition  (1).  that  the  dissociation  energy  be  asymptotically  approached  at  large  internuclear 
separations,  is  equivalent  to  two  constraints  on  the  energy-level  curve: 


where  rp  is  tin  vibrational  quantum  level  corresponding  to  dissociation  and 

W  'V 

when  l)(  is  the  energy  dilference  between  the  dissociation  limit  and  the  bottom  of  the  potential 
well.  Equation  (1)  lor  Cj.  with  the  vibrational  constants  of  Rank  inserted  into  Eq.  (3)  gives 
\p  27.H34  Hu  value  of  l)(  obtained  from  this  value  of  Vp  is  40600  cm  V  This  result  can  be 
compared  with  the  accepted  dissociation  enctgy  of  37217  cm  and  it  confirms  what  Fig.  1  has 
indicated;  i.e,,  Rank  s  vibrational  constants  do  not  properly  represent  the  energv  levels  of  1IC1 
m  nr  dissociation.  It  an  additional  constant,  in  the  present  case,  Y.q.  is  added  to  the  vibrational 
<  nergy  expansion,  then  Eqs.  (3)  and  (4)  may  be  fulfilled  and  a  good  fit  to  the  experimental  data 
also  maintained. 


A  FORTRAN  program  incoi|)o  rating  an  iterative  procedure  was  used  to  calculate  such  a 
consistent  set  of  Y.  q  constants.  The  first  step  In  this  procedure  was  the  solution  of  Eq.  (3) 
with  Rank's  constants  for  an  initial  value  of  Vp.  This  vaiue  for  Vp  was  then  used  to  define  a 
linear  system  of  equations  consisting  of  Eq.  (4)  and  four  equations  relating  the  polynomial  for 
Gv  to  experimental  values  of  Gv-  The  complete  system  used  for  the  HC1  rase  was 
5 

Z>lV»D  •  1  !>l  D0 

1  1 


T\0(v  +  l/2)‘%=  Gv  for  v  «  1,  2.  3,  4 


The  values  of  Gy  used  on  the  right-hand  sides  of  the  latter  equations  were  calculated  from 
Rank's  constants.  The  linear  system  was  solved  to  obtain  a  new  set  of  Yj  Q  constants  which 


I,;;;; ■  -  " in  ,si  -  *—  -  .»  . . .  Tl„.  . . iilm„t 

. ■'"*  'n  «•««  "V  *»  .»»  0  001.  The  c,n„.s|)„„rti„,,  y 
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fulf.n  the  roqui.'i'in,  „ts  at  small  separations 
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— . - - 

3  ;  7'  ^"■a***  -mo  sets  of  rotational  cons, an, s  which  Wl.  ,<,ted  and 

'  fS  U,,,,''r  h‘‘<,,ions  <)f  '‘V  inni''-  of  the-  MCK  functions  resulting  front  fu.sl. 

- — — -  - - - — 

to  <>•«'  dissociation  limit.  This  could  ho  corrected  by  tho  addition  of 

rir 

ii  i  ,  ..  •!  12  dik  pttij.nomtal  extrapolation  altovo  that  Doint 

. - . 

~ : . . .  •  -  -  ■■  -  -rrj;zrzr:;r,B: 
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t,  uvts  nv  for  ail  tho  vibrational  states  predicted. 
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h  actual  calculation,  the  potential  is  determined  at  iqq  v-»i  t  . 
a  «*.,  npltno  intoi  jtolation  tn.rrpoiate  T 

solutions  ot  the  radial  Sbrndinner  cna.inn  duternUnn  the  vibration,,  Jer^  Jj  "Zl 
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2.2.  THE  DIPOLE  MOMENT  FUNCTION 

2.2.1.  THE  POLYNOMIAL  APPROXIMATION 

The  most  important  consideration  in  the  calculation  of  the  c!-Mc  dipole  matrix  . 
is  the  determination  of  the  dipole  moment  parameters.  For  a  dlatn  .  ,  Vlcments 

assumed  that  the  vector  dipole  moment  function  is  directed  along  the  ^  ^ 

“• - *  — -  -  • — — -  - 
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FIGURE  4.  ROTATIONAL  CONSTANTS  FOR  HC1 
AS  DETERMINED  DY  THE  MODIFIED  DUNHAM 
COEFFICIENTS  USED  TO  GENERATE  THE  RKR 
POTENTIAL 


TABLE  3.  OBSERVED  AND  CALCULATED  BAND  ORIGINS  FOR  IIC1 


Observed 
(Rank  et  al.)  [12| 


Calculated 

(Adjusted  Constants  of  Table  1) 


(cm  *) 

(cm  *) 

1-0 

2885.978 

288  5.974 

2-0 

5667.984 

5667.974 

3-0 

8346.782 

8  346.77  5 

4-0 

10922.803 

10922.789 

5-0 

13396.217 

13396.009 

3-1 

5460.804 

5460.801 

4-2 

5254.8  56 

5254.815 

5-3 

5049.503 

5049.234 

Calculated 

(Numerical  Srhrodinucr  Solution) 
(cm  ^ 

2886.891 

5669.352 

8348.559 

10925.289 

13400.008 

5461.668 

5255.937 

5051.449 


tORMLRLY  WILLOW  HUN  L»ROR*IORILS  I  Ml  UNivLRSI7YC.lt  MIC  Miti»N 


TABLE  4.  TRIAL  ROTATIONAL  CONSTANT  VALUES 
(cm'1) 


(a) 

(b) 

(c) 

(d) 

Y01 

10.5932490 

10.5932460 

10.59  3  244  0 

10.5932410 

Y11 

-0.3059344 

-0.30591  18 

-0.305889 

-0.305867 

Y21 

0.0006909 

0.0006702 

0.0006494 

0.0006287 

Y31 

0.0001655 

0.0001714 

0.0001774 

0.0001833 

Y41 

-0.0000225 

-0.0000231 

-0.0000236 

-0.0000242 

TABLE  5.  OBSERVED  AND  CALCULATED  ROTATIONAL 
CONSTANTS  FOR  HC1 


(a) 

Observed 
(Rank  et  al.)  [12] 

(cm'1) 

Bq  10.440254 

Bj  10.136228 

B2  9.834665 

Bg  9.534845 

B  9.236010  (4-2  data) 

4  9.2363  (4-0  data) 

3  8.93743  (5-3  data) 

5  8.9395  (5-0  data) 


(b) 

Calculated 

(Adjusted  Constants  of  Table  2) 
(cm'1) 

10.44047 

10.13634 

9.834431 

9.534647 

9.236362 

8.938385 
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TABLE  6.  RKR  POTENTIAL  FOR  HC1 


V 

Energy 
(cm  J) 

r 

nun 

(A) 

r 

max 

(A) 

0 

1482.292 

1.177068 

1.393102 

1 

4368.266 

1.117050 

1.496985 

2 

7150.270 

1.080607 

1.578597 

3 

9829.070 

1.053586 

1.652208 

4 

12405.080 

1.031951 

1.722040 

5 

14878.300 

1.0139810 

1.789915 

6 

17248.130 

0.9986415 

1.857172 

7 

19513.380 

0.9853323 

1.924772 

8 

21672.090 

0.9736691 

1.993561 

9 

23721.480 

0.9634037 

2.064413 

10 

25657.840 

0.9543734 

2.138287 

11 

27476.430 

0.9464760 

2.216341 

12 

29171.380 

0.9396601 

2.300038 

13 

30735.610 

0.9339066 

2.391312 

14 

32160.720 

0.9292040 

2.492930 

15 

33436.890 

0.9256439 

"  508497 

16 

34552.790 

0.9231968 

2.744314 

17 

35495.490 

0.9218721 

2.910449 

18 

36250.340 

0.9215231 

3.126173 

19 

36800.920 

0.9214401 

3.436183 

20 

37128.870 

0.9178123 

3.996376 

15 
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dard  functions1  form  r boson  is  a  polynomial: 


'  )  )  1 M .  ( r  -  r  )' 

i _ i  i  c 


vvlu  ro  ,Mt  '  11,0  ('ol’fficionts  Of  this  dipole  moment  expansion.  The  coeffic  ients  can  be 

determined  either  by  theoretical  calculations  or  through  reference  to  experimental  data.  Ex¬ 
perience  has  generally  shown  that  ab-mitio  calculations  are  only  reliable  for  determining  the 
M0  :"ld  M1  C(K‘ffU‘U'n,s  accurately;  therefore,  for  a  better  determination  of  the  dipole  moment, 
reference  to  experimental  data  is  necessary.  The  usual  procedure  for  determination  of  the  M. 
coefficients  from  experimental  data  is  by  solution  of  the  following  set  of  linear  equations: 


II 

vi  C  i  2 

_ (Mi  rVr  '  ‘‘o'  ^vr  dr  <0  /i(r>  v>  for  v  0,  1,  .  .  .  n 

i  n  J 


(6) 


where 
the  M. 

t 


the  0  p  (r)  n  is  the  highest  overtone  matrix  element  which  has  been  measured.  Once 
have  been  determined  for  the  above  equations,  any  other  matrix  elements  can  be  approxi 


mated  as  follows: 


<V  p  ( r)  v * 


ZS/V  -  re|,'1vl'2dr 

;  r\  J 


(7) 


It  may  be  seen  that  the  relationship  between  the  various  matrix  elements  is  somewhat  obscured 
by  the  interposition  of  M^s.  In  a  previous  report  fl],  we  derived  expressions  which  define  any 
matrix  element  as  a  linear  combination  of  the  overtone  matrix  elements.  We  repeat  the  deriva¬ 
tion  here  with  slightly  different  notation  and  in  a  more  general  form  to  allow  direct  comparison 

with  similar  relationships  der  ,ed  by  Trlscika  and  Salwen  from  the  wavefunctlon  expansion 
method  f  16] . 

2.2.2.  DERIVATION  OF  RELATIONSHIPS  BETWEEN  VARIOUS  MATRIX  ELEMENTS 
In  this  section,  we  deviate  from  the  standard  notation  and  designate  a  matrix  by  a  capital 
letter  and  elements  of  that  matrix  by  simply  attaching  subscripts  to  that  capital  letter.  Thus, 
the  dipole  moment  coefficients  M,  can  be  written  as  a  one -dimensional  matrix  M.  Let  us  de¬ 
fine  a  one-dimensional  matrix  V  which  contains  the  overtone  matrix  elements  by: 

r,.<v„o>  V.0,...„  (8| 

we  also  need  the  n  x  n  moment  matrix  A  defined  by: 

\.l  ■  f*0<r  -  r.>  Vdr  ,9, 

If  the-  ?  relations  arc  used,  Eq.  (5)  can  be  written  In  matrix  form  as: 


AM  *  r 


16 


(10) 
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If  A  *  exists  then  (1)  ran  lie  solved  for  M  giving: 

M  A'*r  (11) 

We  define  a  n  v  xm  matrix  B  by: 

j  =  0.  .  .  .n 

ni.v.v  k.Ar2dr  v  0  — m 

J  V  0,  ...  m 


and  an  m  ■  m  matrix  R  containing  the  dipole  matrix  elements  between  the  m  bound  states  of  the 
molecule: 


•V.v  v  'J  v"  (13) 

Equation  (7)  can  then  be  written: 

R  BM  (14) 

The  substitution  of  Eq.  (11)  into  (14)  gives: 

R  BA " 1 T  (15) 

This  can  be  rewritten  in  terms  of  the  elements  oi  the  matrices  as: 


R 


v".v 


£ 

id-1 o 


b.  ,  Arlr, 

J.V.V  1,1  1 


If  we  define  the  n  x  m  x  m  matrix  C  by 


(16) 


c.  ,  y  b.  ,  a  ! 
i.v  ,v  ^  j.v’.v  j,i 

j  0 


then 


v’,v 


L 

i  0 


c.  ,  r. 

i,v',v  1 


(17) 


(18) 


This  expression  gives  a  set  of  linear  equations  relating  the  overtone  matrix  elements  to  all 
other  matrix  elements.  These  are  not  exact  relationships  but  approximations  determined  by 
n,  the  degree  of  the  polynomial  approximation  used.  Coefficients  calculated  with  the  cubic 
polynomial  approximation  are  given  in  Table  7.  The  coefficients  can  be  compared  with  those 
in  Table  8  which  contains  similar  coefficients  calculated  by  Kaiser,  who  used  the  wavefunctlon 
approximation  [17].  It  can  be  seen  that  the  polynomial  and  the  wavefunctlon  approximations 
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TABLE  7.  SELECTED  Ci(V->v  COEFFICIENTS  FOR  HC1  WITH  A 
CUBIC  POLYNOMIAL  APPROXIMATION 


i 

Ci,0,0 

c  1  1 
i,  1 , 1 

Ci,2,2 

Ci,0,l 

Ci»  1  »2 

c 

i,l,3 

0 

1.0 

1.0 

1.0 

0.0 

0.0 

0.0 

1 

0.0 

0.5838 

1.233 

1.0 

1.5148 

1.9915 

2 

0.0 

1.515 

3.892 

0.0 

1.2337 

3.-1093 

3 

0.0 

0.000394 

2.111 

0.0 

1.9916 

7.2681 

TABLE  8.  SELECTED  C.  ,  COEFFICIENTS  FOR  HC1  CALCU¬ 
LATED  WITH  THE  WAVEFUNCTION  APPROXIMATION 


i 

Ci,0,0 

c.  ,  . 

1.1*1 

Ci,2,2 

Ci,0,l 

Ci,l,2 

C«,2,3 

0 

1.0 

1.0 

1.0 

0.0 

0.0 

0.0 

1 

0.0 

0.5839 

1.234 

1.0 

1.5148 

1.9914 

2 

0  0 

1.55 

4.001 

0.0 

1.2335 

1.4305 

3 

0.0 

0.000417 

3. 4  30 

0.0 

1.994 

7.7752 
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are  nearly  equivalent  when  the  R  ,'s  arc  calculated  with  these  tabulated  C.  coefficients 

v ,v  j,v.v 

These  coefficients  will  be  valuable  later  for  comparing  various  types  of  experimental  data. 

In  the  remainder  of  the  paper,  the  notation  of  Trischka  and  Salwen  is  used,  i.e.,  the  Initial  and 

final  states  are  written  as  superscripts. 


2.2.3.  EXPERIMENTAL  HC1  MATRIX  ELEMENTS 

Numerous  line-strength  measurements  have  been  performed  on  HC1.  The  most  complete 
work  appears  to  be  that  of  Benedict,  Herman,  Moore,  and  Silverman  (BUMS)  [18].  They  mea¬ 
sured  the  HC1  overtone  matrix  elements  R1-0.  R2,0.  andR3,0  as  well  as  R2’1,  and  R3'2.  More 
recently  Toth,  Hunt,  and  Plyler  (TRP)  [19]  have  measured  the  fundamental  and  first  overtone 
bands.  They  have  also  included  a  table  of  the  overtone  band  strengths  measured  by  other  lab¬ 
oratories.  We  have  calculated  experimental  matrix  elements  corresponding  to  these  tabulated 
strengths.  They  are  given  in  Table  9.  Inspection  of  Table  9  shows  that  the  errors  quoted  by 
the  different  laboratories  do  not,  in  general,  overlap. 


Since  the  band  intensity  is  proportional  to  the  square  of  the  dipole  matrix  element,  additional 
information  is  necessary  to  determine  the  sign  of  the  Rv’°  matrix  elements.  For  HC1,  when 
R  ’  is  assumed  positive,  it  has  been  shown  that  the  R1’0  and  R3’0  matrix  elements  are  greater 
than  zero  and  the  R  '  matrix  element  is  less  than  zero.  We  will  not  repeat  the  arguments,  but 
Kaiser  has  shown  that  only  this  choice  of  signs  is  compatible  with  his  high-precision  measure¬ 
ments  of  Rjj  and  R22-  Similarly,  THP  have  concluded  that  ‘he  above  signs  give  the  best  agree¬ 
ment  between  their  calculated  and  measured  vibration-rotation  intensity  measurements  for  the 
0-1  and  0-2  bands  of  HC1. 


A  comparison  of  matrix  elements  determined  in  different  laboratories  [20,  21,  22]  is  pre¬ 
sented  in  Fig.  5  where  fundamental  and  first  overtone  matrix  elements  are  represented  as  di¬ 
mensions  in  a  two-dimensional  space.  In  that  figure,  the  fundamental  and  first  overtone  matrix- 
element  determinations  have  been  represented  by  a  slash  on  the  horizontal  or  vertical  axes, 
respectively.  In  the  three  cases  in  which  both  matrix  elements  were  measured  by  one  labora¬ 
tory.  the  measurements  are  represented  by  a  point  in  the  space.  A  point  representing  the  aver¬ 
age  of  the  results  of  all  the  infrared  intensity  measurements  is  also  plotted. 

In  addition  to  the  directly  determined  experimental  matrix  elements,  some  additional  points 
are  also  shown.  The  point  labeled  K  represents  the  choice  made  by  Kaiser  [17]  as  being  the 
most  probable  value  of  the  R  ’  and  R  ’  matrix  elements.  In  essence,  he  assumed  that  the 
BHMS  value  of  R  ’  was  correct.  He  then  solved  Eq.  (18)  for  R1’0  using  his  measured  value  of 
R  ’  -  R  ’  and  using  the  coefficients  In  Table  8. 


19 


°  ",Lto"  RUN  “B°-—  ,Mt  UN|VEB5|TY  of  M|CH1&A. 


TADLE  9  VAn'0US BET™— ™NSROr™E 0VE„T0NE  matr1x elements 


Used  in  Present 
Calculations 

Average 

Derived  roni 
Kaiser’s  Data 

Kaiser's  Choice  (K)  [  17 1 

Benedict  et  al.  (BUMS)  [18| 
Toth  et  al.  (TUP)  (igj 
Penner  and  Weber  (PW)  [20| 
Babrov  et  al.  (B)  [21J 
laffe  et  al.  f.j)  (22  J 


R0,1 

R0-2 

d0,3 

(esu-cm) 

(esu-cm) 

R  ’ 

(esu-cm) 

7  12  *  10‘20 

-7  75  *  10'21 

5.15  x  10 

7.02 

-7.74 

5.15 

7.23 

-7.78 

5.15 

7.00  ±  0.10 

-7.00  ±  0.50 

6.70  ±  0.12 

-7.02  ±  0.28 

5.15  4  0.21 

6.80  ±  0.13 

-8.00  ±  0.15 

7.41  i  1.01 

-7.94 

7.17  ±  0.16 

-7.94 

-8.2  v  io'2lr 
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We  have  calculated  the  point  marked  KD  by  solving  Eq.  (18)  using  the  C.  0  Q’  Cj  1  r  anfl 


C  „  „  coefficients  from  Table  7  and  using  Kaiser's  difference  measurements.  This  gives  two 

J  »  ^  ^  in  on  on 


1.0  n2.0 


equations  in  the  three  unknowns  R  ’  ,  R  ’  ,  and  R 


3,0. 


0.f)838  R 


1,0 


2,0 


1.233  R 


1.0 


1.515  R 

,2.0 


3.892  R 


0.000394  R 
,3.0 


3,0 


R1’1  -  R0,0 


2.111  R‘ 


r2.2  .  R0,0 


(19) 


If  we  assuir.  that  R3,0  is  known  from  BHMS's  measurement,  the  R1,0  and  R2,0  may  be  deter¬ 
mined.  The  resuits  are  as  foiiow: 


It1,0  7.23  10‘20 


2  0  -21 
R  ’  -7.79  x  10  1 


That  is  the  point  marked  KD  in  Fig.  5.  Two  sources  of  experimental  error  are  expected  in  the 
point  KD:  one  arises  from  error  in  Kaiser's  measurement  of  matrix-eiement  differences  and 


3  0 

the  other  arises  from  the  error  in  the  D11MS  R  '  determinations.  We  have  calculated  the  effect 


of  these  two  errors  on  the  solution  to  Eq.  (19).  The  solid  error  bar  shown  on  the  KD  point  rep¬ 


resents  the  error  in  the  R1,0  and  It2,0  matrix  elements  assuming  a  ±10%  error  in  the  BUMS 


,3,0 


R  ’  vaiue.  The  larger,  shaded  region  shows  the  error  bounds  expected  '-om  the  error  estimate 
given  by  Kaiser  for  his  matrix  element  difference  measurements. 


Best  estimates  of  R^’®  and  R2’^  are  not  obvious  from  Fig.  5.  However,  we  chose  as  the  best 


values,  a  point  halfway  between  the  average  of  the  infrared  measurements  and  the  vaiue  deter¬ 
mined  from  Kaiser's  data.  It  e  assign  a  ±3%  error  to  this  choice,  there  is  overlap  between 
aii  of  the  measurements  and  our  choice  except  for  the  data  of  BHMS.  It  appears,  as  Kaiser  has 
aiso  concluded,  that  their  overtone  measurements  arc  systematically  low. 


Our  finai  choices  for  the  best  experimental  overtone  matrix  elements  are  given  in  Table  10. 

The  R°’°  matrix  element  Is  again  from  Kaiser's  work.  The  choice  of  the  R1,0  and  R2,0  was  ex- 

3  0 

p'ained  above.  BHMS  have  reported  the  only  measurement  of  R  ’  for  HC1  so  we  have  taken 
their  value  and  assigned  it  ±10%  error.  Using  this  set  of  matrix  elements  and  the  errors  given, 
we  have  computed  the  corresponding  Mj.  These  are  tabulated  in  column  (a)  of  Table  11.  Our 
caiculated  M.  are  quite  close  to  the  THP  values,  except  for  the  Mg  coefficient,  but  they  do  not 
overlap.  The  comparison  with  Kaiser's  values  for  the  M^  show  overlap  between  the  present 


calculation  for  Mn  and  M.,  but  not  for  the  higher  coefficients.  It  appears  to  us  that  either 
u  1  0  3 

Kaiser  has  used  the  negative  sign  for  the  R  ’  matrix  elements,  contrary  to  his  paper  or 


that  the  procedure  he  has  used  to  determine  polynomial  coefficients  by  fitting  to  the  wavefunc- 
tion  expansion  has  introduced  the  differences.  The  first  suggestion  seems  more  likely  for 


several  reasons.  First,  we  have  calculated  a  set  of  M.  using  the  set  of  matrix  elements  In 


,4,0 


Table  12.  By  setting  R  ’  equal  to  zero,  we  have  created  a  set  of  M}  somewhat  analogous  to 
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TABLE  10.  OVERTONE  MATRIX 
ELEMENTS  USED  IN  THE  PRESENT 
WORK 

RV’° 

v  (esu-cm) 

0  1.10847  ±  0.0005  x  IO-18 

1  7.12  ±  0.21  x  10"20 

2  -7.75  ±  0.23  x  10-21 

3  5.15  ±  0.52  x  10'22 


TABLE  11.  DIPOLE  MOMENT  COEFFICIENTS  FOR  HC1 


Present 

Toth 

Work 

et  al.  [19) 

Kaiser  [  17 1 

(a) 

(b) 

(c) 

Mq  (esu-cm)  x  io18 

1.0935  ±  0.0007 

1.09b 

1.0933  ±  0.0005 

M  (esu-cm  cm)  x  10*° 

0.947  ±  0.023 

0.9031  ±  0.017 

0.925  ±  0.02 

Mg  (esu-cm  cm  )  x  10^ 

0.015  ±  0.041 

-0.06  ±  0.025 

0.08  ±  0.055 

M„  (esu-cm  cm8)  x  io"8 

-0.814  ±  0.116 

-0.73  ±  0.07 

-1.277  ±  0.3 

J  /  4  -14 

M^  (esu-cm  cm  )  x  10 

0.0 

0.0 

-1.9  ±  1.2 

TABLE  12.  Rl’°  USED 
TO  COMPUTE  COLUMN 
d  OF  TABLE  11 

Ri,° 

i  (esu-cm) 

0  1.10847  x  io'18 

1  7.00  x  10'20 

2  -7.00  x  io'21 

3  -5.15  xio'22 

4  0.0 


RSITY  OF  MICHIGAN 


Calculation 

using  R1,0 
of  Table  12 
(d) 

1.0923 

0.930 

0.25 

-1.057 

-2.9 
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the  wavefunction  approximation  Kaiser  used  in  which  all  the  R0,v  overtones  greater  than  those 
measured  are  assumed  to  be  zero.  The  M.  coefficients  from  this  calculation  are  listed  in 
column  (d)  of  Table  li,  and  they  are  very  similar  to  the  values  reported  by  Kaiser.  Second. 

when  Kaiser’s  M  are  compared  with  the  M.  determined  by  THP  for  various  sign  combinations 

2  0  3  0  1 

of  R  ’  and  R  ’  we  have  found  that  the  best  agreement  is  obtained  between  Kaiser's  M.  and  the 
M.  s  given  by  THP  for  the  combination  R0,0,  R1,0  •>  0  and  R2,0,  R3,0  <  0.  Thus,  while  we 
agree  with  the  signs  determined  by  Kaiser  for  the  Rv’°  matrix  elements,  we  believe  that  an 
i  rror  has  been  made  in  his  determination  of  the  M.  's. 

l 

2.2.4.  THE  VIBRATIONAL  MATRIX  ELEMENTS 

In  Figs.  6  to  9, the  calculated  vibrational  matrix  elements  are  shown  for  the  sequences  Av 
0,  1,  and  3.  In  addition  to  the  data  considered  in  previous  sections  of  this  report,  the  only  ex¬ 
perimental  data  are  the  BHMS  measurements  of  the  R1’2  and  R2,3  matrix  elements.  In  Table  13, 
the  results  of  our  calculation  of  those  matr  x  >  ’ements  are  compared  with  the  BUMS  data  am!  with 
those  from  a  similar  calculation  in  which  the  BHMS  set  of  R^’'  overtone  matrix  elements  were 
used.  The  calculated  matrix  elen  ents  in  which  we  used  our  new  R°’V  give  better  agreement 
with  BHMS's  Av  1  data  than  do  the  calculations  in  which  the  BHMS  overtone  matrix  elements 
were  used. 

In  Figs.  6  and  7,  we  have  also  indicated  error  estimates  for  the  various  Rv,v  .  As  ex¬ 
plained  in  our  previous  report  [  1|,  we  know  of  no  way  to  predict  the  error  involved  in  approxi¬ 
mating  the  dipole  by  a  cubic  polynomial;  we  can  however,  determine  the  approximate  error 
introduced  through  use  of  the  experimental  overtone  data  to  determine  the  polynomial  coeffici¬ 
ents.  Thus,  the  trror  indicated  on  the  figures  as  well  as  the  previously  assigned  error  in  the 
M. 's  is  measurement-induced  error  rather  than  dipole  approximation  error.  Unfortuaately, 
the  latter  error  will  be  most  significant  for  high  Av  transitions  and,  for  a  given  set  of  Av 
transitions,  will  be  most  impe  'tant  when  higher  vibrational  levels  are  involved.  We  have  no 
way  of  estimating  these  additional  uncertainties.  The  dipole  moment  used  (with  the  coefficients 
of  Table  11)  is  plotted  in  Fig.  10.  The  experimental  information  includes  values  for  matrix 
elements  involving  only  v  levels  from  0  to  3.  Thus,  the  dipole  moment  expansion  can  be  con¬ 
sidered  strictly  valid  only  for  that  range  of  internuclear  separations  encompassed  by  the  wave- 
functions  for  v  <  3.  This  corresponds  approximately  to  the  range  between  1  and  1.6  A.  Al¬ 
though  the  dipole  moment  function  has  a  reasonable  form  both  above  and  below  these  values, 
there  is  no  way  of  determining  its  quantitative  uncertainty  at  the  larger  internuclear  separa¬ 
tions  encountered  at  high  vibrational  levels  and,  therefore,  no  way  to  assign  total  accuracy 
values  to  the  matrix  elements  involving  the  higher  v  levels.  This  situation  unfortunately 
limits  the  usefulness  of  these  calculations  for  predictions  of  laser  performance  at  the  higher 
vibrational  levels. 


* 
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2.2.5.  ROTATIONAL  DEPENDENCE  OF  THE  MATRIX  ELEMENTS 

Once  we  had  obtained  an  expansion  for  the  dipole  moment  which  satisfied  the  known  experi¬ 
mental  information  (the  M.'s  shown  in  Table  11).  we  were  able  to  compute  the  .T-dependent 
matrix  elements.  The  procedure  used  is  identical  to  that  used  to  compute  the  rotationiess 
matrix  elements  except  that  an  effective  J-dependent  potential  was  obtained  by  adding  a  centrif¬ 
ugal  force  term  to  the  potential  [14): 

hJ(J  1  1) ,  - 1 , 

72  2  ,cm  > 

or  c/ir 

Here,  h  is  Planck  s  constant  and  c  is  the  velocity  of  light.  Energy  eigenvalues  which  include 
both  the  vibrational  and  rotational  contributions  were  then  used  to  obtain  rotationaliy  dependent 
wavefunctions.  Matrix  elements  for  a  specific  v  and  J  change  were  computed  with  the  previously 
determined  dipole  moment  expansion. 

A  complete  set  of  the  results  from  these  calculations  is  presented  in  Appendix  II.  Vibra¬ 
tional  levels  as  high  as  12  are  included  for  0  <  Av  -  5  and  for  J  going  from  0  to  35.  Both  the  P 
and  R  branches  of  the  vibration-rotation  bands  as  well  as  the  pure  rotation  bands  are  included. 

These  results,  though  presented  completely,  are  also  of  undetermined  accuracy  for  vibra¬ 
tional  levels  substantially  above  4  for  the  reasons  discussed  in  the  previous  paragraph.  The 
rotation-dependent  matrix  elements  contain  uncertainties  resulting  from  measurement  inaccu¬ 
racies  comparable  to  those  presented  in  Figs.  6  and  7  for  similar  v  and  Av.  Again,  we  have  no 
wav  of  estimating  the  additional  uncertainties  that  are  present  at  higher  v’s  because  of  uncertain¬ 
ties  in  the  dipole  moment  at  large  separations. 

The  rotational  dependence  of  the  matrix  elements  for  the  0  -  1,  0  -  2,  and  0  -  3  bands  can 
be  compared  to  results  obtained  by  THP  [19],  Rather  than  treating  the  matrix  elements  them¬ 
selves,  this  representation  treats  the  vibrat, on-rotation  interaction  factors,  F.  defined  by: 

<V>  J’lu(r)lv,  J>2  =  v'lp(r)lv>2.  FV  V(J)  =  (Rv'v)2Fv'v(m) 

where  m  has  the  value  -J  for  the  P  branch  and  +J'  for  the  R  branch;  m  0  corresponds  to  the 
mtationiessjransltion  so  that  Fv'v(0)  *  1.  THP  have  determined  quadratic  expressions  for  F10, 

F  ,  and  F  in  the  following  form 


Fv0(m) 


1  +  C  m  +  D  m1 
v  v 


THP  have  determined  analytical  expressions  for  Cy  and  Dy  using  a  cubic  representation 
for  the  dipole  moment,  a  quantic  power  series  for  the  internuclear  potential  and  third  order 
perturbation  theory  [6].  In  addition,  they  have  determined  experimental  values  for  C  and  C 
and  Dt  and  D2  based  on  0  -  1  and  0  -  2  absorption  measurements  [19].  An  experimental  value 
was  also  obtained  for  from  the  data  of  BHMS.  These  values  are  present' d  in  the  first  and 
second  columns  of  T*ble  14.  Values  of  F(m)  were  determined  from  the  rotation-dependent 
matrix  elements  calculated  luring  the  present  program  and  presented  in  Appendix  n  These 
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TABLF  13.  COMPARISON  OF  MEASURED  AND  CALCULATED  R1’2  AND  R2’3 


Experimental 

Calculations  for 

(BUMS) 

Present  Calculation 

BUMS  R0,1,  R0’2.  and  R°’3 

9.71  +  0.48  >  10'2 

9.67  *  0.35  x  io'2 

9.38  t  0.22  x  10'2 

1 1 .88  i  0.59  -  10'2 

11.55  i  0.9  >  io"2 

11.32  i  0.32  '  io"2 

TABLE  14.  F- FACTOR  COEFFICIENTS  FOR  HC1 


THP  Observed 

THP  Calculated 

Present  Calculati 

C1 

-0.0260  ±  0.002 

-0.0279  ±  0.0006 

-0.0269 

C2 

-0.0086  ±  0.0015 

-0.0066  ±  0.0005 

-0.0061 

C3 

0.017 

0.011  ±  0.003 

0.011 

D1 

4.5  ±  2.0  x  10'4 

2.8  ±  0.2  x  10'4 

2.65  x  10*4 

°2 

°3 

4.1  ±  2.0  x  10'4 

2.7  ±  0.3  x  10'4 
3.3  ±  0.5  x  10'4 

3.76  x  IO*4 
1.03  x  10~3 
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uc  i(  fit  by  least  squares  to  a  quadratic  polynomial  as  a  function  of  m  to  obtain  values  for  Cj,  Cg. 
C3  and  D| .  1>2,  Dg  corresponding  to  the  present  work.  These  coefficients  are  presented  in  the 
third  column  of  Table  14. 

As  one  would  expect,  the  results  of  the  present  calculations  are  very  close  to  the  calculated 
values  of  TUP.  However,  they  are  not  so  close  that  the  present  calculations  overlap  with  the 
TUP  uncertainties.  The  agreement  with  the  experimental  results  is  similar  to  that  of  the  calculations 
of  TUP  and  is  not  improved  by  the  present  calculations.  There  is  quite  a  substantial  difference 
in  tlu  values  for  1)^.  Since  both  values  shown  are  computed  values,  this  difference  must  rep¬ 
resent  either  the  differences  in  tlu  calculation.nl  techniques  or  the  differences  in  the  M  used 
in  tlu  two  cases.  We  cannot  reconcile  this  difference  without  recomputing  and  D  using  the 
expressions  of  Till’  with  the  dipole  moment  function  used  in  the  present  work.  We  have  not 
included  error  limits  on  the  results  for  C  and  because  of  the  complexity  of  the  dependence 
ol  C  and  on  the  dipole  moment  coefficients  through  the  numerical  calculations.  General 
comparisons  of  our  techniques  with  the  analytical  techniques  of  TUP  would  be  a  useful  future 
exercise  to  show  the  range  of  validity  of  the  approximations  of  THP.  The  present  technique, 
though  less  sophisticated,  is  potentially  more  accurate  than  that  of  THP. 

In  conclusion,  the  matrix  elements  for  HC1  computed  herein  and  presented  here  and  inAppen- 
dix  11  provide  a  good  characterization  of  HC1  molecule  to  the  degree  that  the  dipole  moment 
function  accurately  represents  the  molecule.  The  use  of  a  completely  numerical  technique 
means  that  the  results  are  free  of  any  truncation  errors  introduced  by  the  representation  of  the 
potent ial  by  a  power  series. 

2.3.  PROGRESS  ON  THE  OVERTONE  ABSORPTION  MEASUREMENTS  OF  CO 

The  original  wor1'.  statement  calls  for  measurement  of  absorption  line  strengths  (or  equiv¬ 
alently  electric  dipole  matrix  elements)  in  the  second  overtone  band  of  carbon  monoxide. 

However,  results  have  been  published  for  this  band  for  near  Doppler  lines  by  Toth,  Hunt  and 
Plyler  [2  ].  Measurements  will  therefore  be  made  primarily  on  the  third  overtone  band,  re¬ 
turning  to  the  second  overtone  to  determine  Lorcntz  widths  if  scheduling  permits  it. 

Present  plans  are  to  determine  individual  vibration-rotation  line  strengths  and  Lorentz 
half  widths  in  the  v  0  —  v1  =  4  band  of  carbon  monoxide  for  gas  pressures  near  two  atmo¬ 
spheres:  path  lengths  will  be  on  the  order  of  200  m.  Our  data  and  data  from  other  Investigators 
will  be  used  for  the  fundamental  through  second  overtone  bands  to  determine  the  coefficients  of 
the  dipole  moment  expansion  for  CO  through  fourth  order.  Line  s**-enptis  will  be  determined 
by  Integrating  the  area  under  the  observed  absorption  coefficient  curve.  Line  strengths  will 
also  be  obtained  from  the  data  by  use  of  the  Lorentz  relation  and  the  peak  absorption  coefficients 
and  half  widths.  Line  half  widths  will  be  measured  directly  from  the  observed  data  and  com- 
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pared  with  those  predicted  by  the  Anderson  theory.  Distortion  of  the  spectral  lines  introduced 
by  the  spectrometer  slit  function  will  be  corrected  by  means  of  a  modified  direct  measurement 
method  |  23] . 

2.3.1.  MEASUREMENT  FEASIBILITY 

To  determine  the  feasibility  of  observing  the  third  overtone  band  of  CO  with  path  lengths 
obtainable  in  the  laboratory,  we  must  estimate  the  strength  of  the  band  by  calculating  the  ratio 
of  the  squares  of  the  rotationless  di|wle  moment  matrix  elements  which  are  proportional  to  the 
band  strengths  S: 

Ol  M(r)l  4> 2  <0!p(r)l3>2oc||^tl| 

Since  the  matrix  elements  are  defined  as 

Rv’®  r  <0tp(r)lv^  |'t^Qp(r)i//vr2dr 

they  may  be  evaluated  through  numeric  integration  by  means  of  wavefunctions  obtained  by 
numeric  solution  of  the  radial  Schrodinger  equation  and  the  polynomial  expansion  for  p(r) 
known  through  third  degree  from  previous  experimental  work.  This  was  done  by  means  of  the 
existing  matrix  element  calculation  program.  The  value  obtained  in  this  manner  is: 

S(0  -  4)  S(0  -  3)  5  0.0045 

Once  the  ratio  is  known,  estimates  of  line  strengths  in  the  third  overtone  band  are  ob¬ 
tained  from  those  observed  in  the  second  overtone  band  [2].  We  can  then  calculate  approximate 
peak  absorptions  for  the  lines  by  assuming  Lorentz  line  shapes  and  using  the  expression: 

aP( m)  =  1  -  exp  [-KP(m)P£  ]  =  1  -  exp  [-S(m)P£  /yn] 

p 

where  a  (m)  =  peak  absorptances  for  the  line 
S(m)  =  strength  of  the  line 

p 

K  (m)  =  peak  absorption  coefficient 
P  -  pressure  of  the  gas  (atm) 

£  =  path  length  In  em 
y  =  Lorentz  half  width 

m  =  line  index,  -J  in  the  P  branch,  +J’  in  the  R  branch 
J,  J1  initial  and  final  rotational  quantum  numbers  of  the  transition 

Calculations  ol  this  type  for  a  path  length  of  200  m  and  a  constant  half  width  of  0.05  cm"1 
at  1  atm  give  the  results  presented  in  Table  15.  This  table  shows  that  with  path  lengths  of  the 
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TABLE  If).  RESULTS  OF  CALCULATIONS  OF  PEAK  ABSORPTIONS 


Lint' 

S(0  -  4)  ■  I0G 
(atm  1  cm 

<vIV) 

(200-m  Path 
at  2  atm) 

Lino 
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orck  r  of  200  m.  we  should  be  able  to  determine  line  parameters  in  the  third  overtone  band  for 
ail  lines  between  Pi6  and  R18. 

To  minimize  instrumental  distortion  of  the  observed  spectra,  spectral  lines  which  are 
broad  compared  to  the  spectral  resolution  of  the  instrument  are  required.  It  is  always  possible 
to  int  rease  the  pressure  of  the  gas  under  observation  to  obtain  broad  lines;  however  this  aiso 
has  the  effect  of  overlapping  the  wings  0f  adjacent  lines  and  Increasing  the  difficulty  of  data  re¬ 
duction.  To  determine  the  seriousness  of  these  problems  in  the  present  study,  the  amount  of 
line  overlap  for  the  pres  ures  to  be  used  during  observation  must  be  estimated. 

Since  CO  has  a  very  small  dipole  moment,  quadruple  transitions  dominate  the  pressure 
broadening.  We  therefore  expect  only  slight  variations  in  Lorentz  half  widths  between  second 
a.^ .'jhird  overtone  bands.  Previous  experimental  data  [24]  give  widths  of  the  order  of  0.053 
nn  atm  for  R(17)and  P(18)  lines  and  values  of  0.071  cm  _1  atm'1  for  R(l)  or  P(2)  lines.  Since 
the  spectral  resolution  of  the  instrument  being  used  is  of  the  order  of  0.05  cm*1,  to  obtain  res¬ 
olution  to  line  width  ratios  of  0.5,  pressures  of  approximately  two  atmospheres  should  be  used 
for  the  higher  J  lines, and.  pressures  of  one  to  one-and-a-half  atmospheres  for  lines  near  band 
center.  To  determine  the  amount  of  overlap  evident  at  these  pressures,  we  assume  a  Lorentz 
ime  shape,  distorted  by  the  instrumental  slit  function,  and  then  evaluate  the  distance  from  line 
center  at  which  a  specified  absorptance  is  observed.*  With  a  resolution-to-line  width  ratio  of 
0.5,  a  distorted  line  with  a  peak  absorption  of  30%  has  an  absorptance  of  0.1%  at  a  distance  of 
18.8  half  widths  from  line  center  or  approximately  1.9  cm*1.  Since  the  CO  lines  are  separated 
by  4  cm  ,  overlap  effects  are  not  serious  at  these  pressures. 

2.3.2.  APPARATUS 

The  long  path  lengths  required  for  observation  of  the  third  overtone  band  are  obtained  with 
a  5-m  White  cell**,  A  photograph  of  the  cell  chamber  is  shown  in  Fig.  11.  Entrance  and  exit 
windows  are  seen  on  the  front  bell  housing  and  the  turbo-molecular  pump  used  for  evaluation  of 
the  system  is  visible  in  the  background.  The  optical  system  of  the  cell  consists  of  three  accu¬ 
rately  ground, spherical  mirrors  placed  one  radius  of  curvature  apart.  Long  path  lengths  are 
obtained  by  successively  imaging  the  light  intercepted  by  the  pair  of  back  mirrors  onto  the  sur¬ 
face  of  the  single  front  mirror.  Figure  12  shows  the  light  pathfor  eight  passes.  The  number  of 
traversals  of  the  cell  is  set  by  rotating  the  two  back  mirrors  about  vertical  axes,  causing  the 
distance  between  successive  images  on  the  single  mirror  to  decrease.  A  single  rotation  ad¬ 
justment  for  this  purpose  has  been  Incorporated  into  the  cell  design.  Figure  13  is  a  photograph 


♦For  a  detailed  discussion  of  the  methods  and  tabulations  of  results,  see  Ref.  [23]. 
♦♦Cell  designed  and  constructed  under  Contract  DAHC-15-67-C-0062. 
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of  the  optical  system  removed  from  its  vacuum  chamber.  Visible  In  this  figure-  is  the  path 

0 

folk  ved  by  0328  A  radiation  from  a  He:Ne  laser  with  the  cell  set  for  16  traverses. 

The  spec  trometcr  used  is  a  l.tt-m  focal  length  Ebert  Vacuum  Spectrometer  with  a  190-mm 
135-mni  Rausch  and  Lomb  replica  grating.  Resolution  of  approximately  0  05  cm"1  over  the 
third  overtoiu  CO  band  is  obtainable  with  a  3-pm  blaze  grating  in  third  order,  double  passed. 

To  insure  stability  of  the  spectrometer  wavelength  drive,  the  room  temperature  is  heid  constant 
to  within  0.5°C. 

Since  the  spectrometer  operates  at  f  10  and  the  White  cell  at  f  45,  vacuum  f-number 
matching  optics  are  required  to  couple  the  two  systems.  A  schematic  of  the  optics  built  for  this 
purpose  is  shown  in  Fig.  14.  A  photograph  of  the  entire  opticai  system  consisting  of  the  White 
ceil,  matching  optics,  and  vacuum  spectrometer  is  presented  in  Fig.  15. 

During  dat  a  c  llection,  the  CO  pressure  in  the  White  cell  is  continuously  monitored  with 
an  MRS  Baratron  capacitance  bridge-pressure  gauge  This  gauge  permits  observation  of  pres¬ 
sure  variations  of  0.06  torr  at  two  atmospheres.  Although  thermal  effects  aione  may  cause 
variations  of  this  magnitude,  pressure  stability  Is  expected  to  be  better  than  0.1'^,. 

The  infrared  energy  will  be  detected  with  a  selected  PbS  photoconductive  detector  and  a 
Princeton  Applied  Research  lock-in  amplifier.  The  detector  Is  operated  at  -79°C  and  has  a 
measured  dimensionless  detectivity  (D* )  of  1.4  <  1011  cm  Hz1  2  W1.  In  the  complete  optical 
system,  with  a  chopping  frequency  of  510  Hz.  a  signal-to-noise  ratio  of  200  has  been  observed 
with  the  White  cell  set  for  a  16-pass  operation.  T7ie  analog  signal  from  the  lock-in  amplifier 
is  digitized  and  integrated  with  a  digital  voltmeter  and  the  result  is  fed  to  an  IBM  card  punch. 

2.4.  DATA  REDUCTION 

Two  major  computer  codes  have  been  written  t">  handle  the  data  reduction.  The  first  of  these 
determines  the  strength  of  the  spectral  lines  through  numeric  integration  using: 

S  =  ^jK(t-’)di/'  -  pjjlog^rf^'jdy' 

where  S  =  strength  of  the  spectral  line 

P  =  pressure  of  gas  under  observation  (atm) 

C  =  path  length  (cm) 

t(u’)  -  spectra  transmittance  =  1  -  a(u') 

K(i>')  =  spectral  absorption  coefficient 
v'  -  spectral  wavenumber  (cm"  ) 

The  same  program  evaluates  the  peak  absorption  coefficient  and  the  Lorentz  half  width  for 
each  line.  All  of  these  values  are  distorted  by  the  spectrometer  clit  function  however,  and 
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FIGURE  12.  WHITE  CELL  OPTICAL  PATH:  EIGHT  TRAVERSAL  OPERATION 


FIGURE  13.  OPTICAL  SYSTEM  OF  FIVE-METER  WHITE  CELL 
REMOVED  FROM  ITS  VACUUM  CHAMBER.  Path  lines  ar  :  for 
6328  A  radiation  from  the  He:Ne  laser  with  cell  set  for  16  traversals. 
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To  Spectrometer 
Entrance  Optics 


FIGURE  14.  REDUCTION  OPTICS  FOR  WHITE  CELL 


•  FIGURE  15.  WHITE  CELL,  MATCHING  OPTICS  AND  VACUUM  SPECTROMETER 
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correction  procedures  must  be  used  to  obtain  the  true  line  parameters.  Therefore,  we  use  a 
second  program  which  follows  the  procedures  of  a  direct  measurement  method  [23)  and  corrects 
these  values  for  instrumental  distortion  yielding  the  true  strengths,  widths,  and  peak  absorption 


coefficients. 

Calculation  of  the  dipole  moment  coefficients  and  matrix  elements  has  been  discussed  earlier 
and  Anderson  theory  pressure  broadened  widths  is  presented  in  Section  4. 
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INFRARED  DIAGNOSTIC  STUDIES 
G.  H.  Lindquist  and  C.  P.  Arnold 

3  1.  INTRODUCTION 

In  the  desi^r  and  operation  of  chemical  lasers,  it  is  necessary  to  know  the  rates  of  crea¬ 
tion  and  loss  of  molecules  in  the  energy  states  involved  resulting  from  the  various  processes 
which  compete  with  laser  action.  Molecular  collisions  with  the  cavity  walls,  molecular  dif¬ 
fusion  into  and  out  of  the  active  region,  and  collisions  between  molecules,  in  the  active  gas 
medium  all  produce  such  changes  in  the  population.  This  portion  of  the  program  is  concerned 
with  the  redistribution  and  loss  to  translation  of  rotational  and  vibrational  energy.  Such  re¬ 
distribution  and  loss  are  the  result  of  collisions  among  the  gas  molecules  within  the  active 
medium. 

The  primary  objective  of  the  studies  Is  to  determine  experimentally  the  populations  of  HF 
molecules  as  a  function  of  time  and  of  their  vibrational  and  rotational  state  in  a  cell  of  excited 
11F  and  in  the  absence  of  diffusion  and  wall  effects.  Once  radiative  processes  are  accounted 
for,  experimental  ti.uisfer  rates  resulting  from  collision  processes  can  be  determined  From 
these,  energy-transfer  cross  sections  for  the  various  processes  can  be  determined. 

3.2.  EXPERIMENTAL  DESIGN 

3.2.1.  EXCITATION  TECHNIQUE 

It  would  be  most  realistic  if  energy-transfer  cross  sections  could  be  determined  under  the 
chemical  excitation  conditions  existing  in  a  HF  laser  cavity.  However,  because  of  the  large 
number  of  different  excited  states  that  exist  in  such  a  case,  it  would  be  difficult  to  trace  the 
flow  of  the  excitation  energy  during  relaxation.  To  make  the  interpretation  of  the  experiment 
simpler,  we  have  decided  instead  to  excite  the  HF  gas  with  a  monochromatic  beam  from  an 
HF  laser  operating  on  a  single  vibration-rotation  line.  This  procedure  would  excite  only  those 
HF  molecules  in  the  cell  with  rotational  energy  coinciding  with  the  lower  state  of  the  vibration- 
rotation  line  upon  which  the  laser  is  operating.  The  relaxation  from  this  relatively  simple 
departure  from  equilibrium  can  then  be  studied  if.  one  of  the  ways  described  below. 

Further,  a  number  of  investigators  are  currently  studying  the  vibrational  relaxation  of 
excited  HF  molecules  [25,  26,  27],  Although  it  would  be  interesting  to  study  vibrational  relaxa¬ 
tion  under  our  particular  excitation  conditions,  it  is  our  opinion  that  more  useful  and  unique 
results  can  be  obtained  by  concentrating  on  rotational  energy  relaxation.  The  decision  to  study 
rotational  energy  transfer  in  itself  precludes  the  use  of  a  realistic  laser  cavity,  because  the  cell 
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pressure  required  to  yield  rotational  relaxation  times  on  tl  e  order  of  1  psec  are  about  0,01  torr, 
much  lower  than  typical  cavity  pressures  (the  relaxation  tir.e  must  be  long  enough  to  be  observed 
with  typical  infrared  detectors). 

The  excitation  technique  described  above,  although  allowing  simple  Interpretation,  has  se\  • 
eral  limitations  which  stem  from  its  failure  to  reproduce  the  real  situation.  The  most  severe 
of  these  limitations  is  related  to  the  possible  rotational  levels  that  can  be  studied.  Under  chem¬ 
ical  excitation,  it  appears  that  substantial  energy  Initially  goes  into  high  rotational  levels  as 
evidenced  by  Deutsch's  success  in  building  a  pure  rotational  laser  at  low  pressures  (~  1  torr) 
operating  at  high  rotational  levels  and  by  the  calculations  of  Wilkins  [28,  29] .  At  the  usual 
pressures  at  which  chemical  lasers  operate  (10  to  -  100  torr),  rotational  equilibrium  occurs 
fast  enough  that  little  or  no  rotational  disequilibrium  is  apparent  [30).  The  current  experi¬ 
mental  design  precludes  the  possibility  of  studying  the  high  rotational  levels  because  such  levels 
cannot  be  populated  in  a  cell  at  or  near  room  temperature.  There  are  essentially  no  molecules 
available  to  absorb  the  energy  from  a  vibration-rotation  laser  ope.-ating  at  high  rotational  levels. 
At  present,  we  can  visualize  no  method  whereby  the  ease  of  interpretation  of  the  presently  planned 
experiment  can  be  retained  and  in  which  higher  rotational  levels  can  be  excited. 

3.2.2.  RELAXATION  MONITORING  TECHNIQUE 

Once  the  cell  of  gas  has  been  excited,  a  means  must  be  devised  whereby  the  history  of  the 
populations  of  the  various  states  involved  can  be  observed  during  the  relaxation  process.  All 
of  the  techniques  considered  are  optical  techniques  whereby  the  interaction  of  the  excited  gas 
with  optical  radiation  in  either  the  vibration-rotation  region  or  the  pure  rot.  Hon  region  is  mon¬ 
itored  by  Infrared  detectors.  The  relaxation  of  the  excited  gas  can  be  monitored  by  observation 
of  either  emission  or  absorb1"'.  In  addition,  the  monitoring  can  be  perfor  i,  d  in  oither  the 
vibration-rotation  bands  gore  rotation  bands.  Both  techniques  have  been  used  in  the 

vibration-rotation  region  tou,  31];  however,  observations  In  the  pure  rotation  region  have 
never  been  used. 

Observations  of  emission  from  the  active  gas  generally  yield  signals  large  enough  to  be 
visible  above  detector  noise  in  the  vibration-rotation  region.  However,  calculations  for  emis¬ 
sion  in  the  pure  rotation  region  indicate  that  only  marginal  signal-to-noise  ratios  are  available. 

Observations  of  absorption  are  not  practical  in  the  vibration-rotation  region  when  spectrally 
continuous  sources  (e.g.,  incandescent  lamps)  are  used  because,  at  lew  pressures,  the  absorp¬ 
tion  is  very  small  and  the  spectral  slit  width  of  any  practical  observing  instrument  is  large 
compared  to  the  true  line  width.  Thus,  the  observed  absorption  is  even  lower  than  the  true 
peak-line  absorption.  However,  if  the  source  used  in  the  absorption  measurement  Is  an  HF 
laser,  operating  at  the  peak  of  one  of  the  HF  vibration-rotation  transitions,  the  absorption  of 
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such  a  monocromattc  source  can  be  high  enough  to  be  easily  measured.  We  have  chosen  this 
technique  as  the  primary  monitoring  technique  for  this  experiment.  Absorption  measurements 
are  also  feasible  in  the  pure  rotation  portion  of  the  spectrum  where  absorption  is  greater. 
However,  there  is  increased  operating  difficulty  involved  in  this  region.  The  analysis  in  Sec¬ 
tion  3  3  indicates  that  the  use  of  absorption  measurements  in  the  pure  rotation  region  allows 
relaxation  measurements  to  be  made  for  a  greater  range  of  rotational  energies  than  are  pos¬ 
sible  in  the  vibration-rotation  region  provided  that  pure  rotation  lasers  can  be  obtained  for  the 

desired  lines. 

To  summarize,  the  relaxation  of  the  excitation  produced  in  a  low-pressure  cell  of  HF  and 
possible  dilutents  are  to  be  monitored  by  measuring  the  absorption  (as  a  function  of  time)  of 
the  energy  from  a  second  or  probe  .p  er  operating  in  a  single  line  in  the  HF  vibration-rotation 
band.  Absorption  histories  obtained  for  a  number  of  different  vibration- rotation  transitions 
(corresponding  to  the  operation  of  the  probe  laser  on  different  lines)  will  yield  histories  of  the 
populations  of  the  different  states.  Section  0.3  presents  estimates  of  the  emission  and  absorp¬ 
tion  signal  levels  available  in  both  the  vibration-rotation  region  and  the  pure  rotation  region 
and  discusses  the  basis  upon  which  the  above  monitoring  technique  was  chosen. 

3.3.  COMPUTATION  OF  EXPECTED  RESULTS 

The  following  describes  an  analysis,  based  on  radiative  considerations  only,  of  both  the 
excitation  techniques  and  the  various  possible  monitoring  techniques.  No  collision  or  diffusion 
processes  are  accounted  for. 

It  is  necessary  to  determine  the  approximate  cell  conditions  necessary  in  order  for  rota¬ 
tional  relaxation  to  be  observed.  First,  for  observation  with  a  system  having  about  a  0.1-/isec 
rise  time,  the  pressure  must  be  low  so  that  the  relaxation  will  be  slow  enough  to  be  seen.  This 
rise  time  is  about  the  shortest  that  can  be  obtained  without  use  of  specially  constructed  high¬ 
speed  infrared  detectors  and  preamps.  We  estimated  the  collision  cross  section  for  rotational 
energy  transfer  between  HF  molecules  to  be  between  3  and  30  A  from  calculations  based  on 
the  theory  of  Sharma  and  Brau  [32] .  We  assumed  a  cross  section  of  15  A  and  obtained  a  re¬ 
laxation  time  at  373°K  of  about  0.035  psec  at  1-mm  pressure.  Pressures  of  ~  0.01  mm  are  ^ 
therefore  required  to  obtain  relaxation  times  of  the  order  of  1  psec.  The  temperature  of  373  K 
was  used  since  it  is  necessary  to  heat  the  HF  to  about  100°C  to  prevent  polymerization  of  the 
HF.  Cell  lengths  longer  than  about  50  cm  are  difficult  to  accommodate  in  the  experimental  ap¬ 
paratus.  Therefore,  cell  lengths  of  5,  30,  and  50  cm  were  considered. 

3.3.1.  EXCITATION 

The  excitation  is  to  be  stimulated  by  directing  a  pulse  of  monochromatic  radiation  into  the 
cell  containing  the  HF  mixture.  The  stimulating  beam  will  be  generated  by  a  pulsed  HF  laser 
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operating  on  one  of  (he  vibration-rotation  transitions  of  HF.  Since  the  cell  will  be  at  equi¬ 
librium  before  the  stimulating  pulse  occurs,  most  of  the  -  Hecules  will  be  in  the  v  0  vibra¬ 
tional  .state  (v  is  the  vibrational  quantum  number). 

Thus,  to  obtain  maximum  excitation,  the  stimulating  beam  should  operate  in  the  v  -  0  - 
v  1  band.  The  HF  laser  used  to  generate  the  stimulating  pulse  will  operate  with  only  a  par¬ 
tial  population  inversion:  therefore  its  output  will  be  largely  limited  to  the  P  branch  of  that 
band  Onlv  those  molecules  in  the  cell  can  be  stimulated  which  are  in  rotational  level  J,  (J  is 
the  rotational  quantum  number)  corresponding  to  the  lower  level  of  the  stimulating  transition 
and  which  have  v  0.  Those  molecules  will  be  stimulated  to  the  v'  1,  J'  J  -  i  level 

We  can  treat  the  excitation  quantitatively, using  the  equations  for  laser  amplification,  fn 
this  case,  where  the  only  radiation  of  interest  (the  stimulating  radiation)  is  collimated  or  unidi 
rectional,  the  conservation  equations  for  photons  and  molecules  can  be  given  by:* 
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Note  that  the  number  densities  have  been  written  as  spectral  quantities  to  account  for  the  fact 
that  the  photon  density  of  the  stimulating  beam,  p^,  has  a  spectral  distribution  associated  with 
it  and  that  the  molecules,  by  virtue  of  their  random  thermal  velocities,  are  ready  to  absorb 
energy  in  a  distribution  of  frequencies  corresponding  to  a  Doppler  profile. 

No  terms  are  included  for  relaxation  by  spontaneous  emission,  or  by  any  other  mechanism 
for  that  matter,  since  the  stimulation  pulse  is  assumed  to  occur  much  faster  than  any  relaxa¬ 
tion  process.  These  equations  can  be  reduced  to  dimensionless  form  by  defining  the  following 
dimensionless  variables.  A  dimensionless  number  density  difference  i]  is  defined  as: 


*See  also  Appendix  I  and  Ref.  [33], 
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where  g  ind  <r  are  the  degeneracies  of  the  lower  and  upper  states  and  where  N  n(  nu  > 
f  ”u  v  t> 

the  sum  of  the  molecules  in  the  upper  and  lower  state  ready  to  absorb  energy  at  frequency  i>. 
The  spectral  populations,  n  and  nu  can  be  written  as: 


nf  'W  *  ‘'o’ 

I* 


n  n  s  (r  -  .  A) 
u  u  u  0 


where  s  and  s  are  the  Doppler  distributions  of  nf  and  nu  about  the  center  frequency  of  the 
transition  i-  .  Also,  n^  +  nf  N,  a  constant  by  molecula.-  conservation  in  the  absence  of  other 
processes  that  create  or  destroy  molecules.  Further,  if  we  assume  that  the  stimulated  absorp¬ 
tion  or  emission  does  not  affect  the  translational  energy  of  the  molecule,  and  if  the  spectral 
width  of  the  incident  laser  pulse  is  larger  than  the  Doppler  width  in  the  HF  cell,  then 


n  +  n,  N 
u  f  i' 

r  i> 


(23) 


and 


s.  -  s 
f  u 


Also,  we  define  a  dimensionless  photon  density 


■Mx,  t) 


(24) 


Equations  (21)  and  (22)  can  now  be  added  to  obtain: 


If  „  .  Bu,)l 

Equation  (20)  becomes 

g  +  cg—UcSfyB'J 


(25) 


(26) 
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Equations  (25)  and  (26)  can  be  simply  solved  (e.g.,  see  Ref.  [33]  to  give: 


')(x,  t) 


exp 


i)(x,  0)  exp 


"  x 

ZjJ i;(x\  0)dx’ 
_  0 


r  t-x/c 

X 

/* 

Z2 

>l>(0,  t ' ) dt  ’ 

+  exp 

ZA  »)(x',  0)dx' 

L  U 

-  0 

(27) 


and 


If  we  now  let  the  input  flux  be  a  laser  pulse  having  an  integrated  energy  per  unit  area  of 
PQ  distributed  uniformly  over  a  spectral  width,  Ai>,  then 

PQ  Jp  Ancdt  =  |"n(  4>(0,  t)(Air)cdt  photons/cm2 
At 


where  At  is  the  pulse  duration.  For  a  rectangular  pulse 


PQ  =  V^cN,, 


(29) 


The  total  fittx  passing  through  a  position  x  2  0  is 


x/c+At  x/c+At 

f  cN  *(x,  t')dt’  =  cN  f  - p - p 


*0dt 


r 


P(x)  = 


r  t-x 
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This  can  be  reduced  to  the  following  expression 

pM  i  +  -L  I,,, 1  ~  CXP  (~p*>  *  e?P  (L*  '  p*>  oo) 

0  P  exp  L 

* 

where  P  is  a  dimensionless  energy  input  given  by 


VJ2  P0 

t~(B  t  +  > 

N  Arc  Ai  u i  tu 


and  L  is  a  dimensionless  length 


(31) 


L  ZjXj/fO,  x)  gf  Bfux, nf  -  nu  It  =  0  (32) 

i'  i> 

* 

L  is  a  spectrally  varying  quantity.  In  order  to  get  substantial  power  from  the  HF  lasers  we 
constructed,  we  had  to  use  relatively  high  pressures  and  high  cavity  losses  (low  mirror  reflec¬ 
tivities).  The  high  cavity  losses  indicate  that  toe  effective  spectral  width  of  our  stimulating 

pulse  could  be  wider  than  the  Doppler  width  corresponding  to  absorption  in  the  cell.  In  such  a 
*  * 
case  P  can  be  taken  as  constant  over  the  Doppler  profile  and  L  will  vary  both  with  x  and  with 

the  spectral  distance  from  line  center,  (/  -  t^.  At  the  line  center 


n 

u 


and  nf 

i' 


nC 


where  y^  is  the  Doppler  half  width  of  the  gas  absorption  line. 


'  0  i  2kT 
7D  c  V  . 

where  -  the  molecular  mas' 

k  the  Boltzmann  constant 
T  =  the  temperature 

Before  stimulation  nf  »  since  nu  is  a  state  where  v  =  1  and  nf  is  a  v  =  0  state.  Thus 

\  ,Wa> 

v  Uvjt--0  ^yD 
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■  M, 


so  tha  L  - KfB  x 

Vr>D 

at  line  center  If  the  value  of  i)  at  t  0  Is  constant  for  all  x  and  equal  to  VQ,  then  the  expression 
for  i) (x )  after  the  passage  of  the  pulse  is 


^ncxt,(zi,iox) 

'(x’  At  +  c)  ~T  ^ 

exp  Z2J  •I’jjdfj  •  expfZ^lQx)  -  1 


t/(x)  exp  L _ . 

"  ^  ^ 

(/0  exp  P  +  exp  L  -  1 

N„,e  .ha.  .he  l.mi.lng  value  lor  ,  al.er  .he  passage  o.  a„  in, ini, el,  strong  pulse  Is  aero.  This 
corresponds  lo  .he  Inversion  boundary  and  Is  .he  s.a.e  In  which  a  sthnu.aled  ahsorpl.on  even, 
is  equally  as  probable  as  a  sllmulaled  en.lss.on  even,.  Hence, or, h  -  »  .m  be  relerre  lo  as 

„,e  bleached  condi, Ion  1,  is  ol  primary  in.eres,  In  this  program  lo  de, ermine,  lor  a  cell  o, 
total  length  V  ,he  energy  required  per  pulse  ,o  reduce  „  lo  some  arbdrar.ly  small  va  ue  a 
me  far  end  ot  the  cell,  i.e.,  a,  a  *T  (1  will  always  be  closer  ,o  aero  lor  olher  x  xT> 
have  assumed  lha,  a  90%  change  in  „  al  ,he  lar  end  o,  the  cel.  will  yield  a  sulllclen,,,  sl.n.n- 
lated  cell  for  our  purposes.  Thus,  the  condition  may  be  written 

/j(xT)  (after  pulse)  '  0.1  r)Q 


We  would  like  to  find  P  so 
satisfied.  We  write: 


*  so  mat  for  L*  =  l!  (corresponding  to  x  =  Xj)  the  above  condition  is 


(0.1)  =■ 


exp  (lt) 

(p'l).cxp(l4)- 


V,  -  l»[9  exp  (l.j)  *  i] 


p‘  is  the  dimensionless  power  required  to  drive  the  value  ol  ,  at  Ihe  lar  end  o,  ,he  cell  ,o 
0  l,1  Ils  original  value.  The  value  o,  ,  In  the  remainder  o,  the  cell  is  even  lower;  we  computed 


46 


for  the  line  center  using  Eq.  (33).  Values  of  Buf  and  Bfu  for  the  stimulating  laser  transition 
were  obtained  from  the  values  of  the  Einstein  coefficient  for  spontaneous  emission,  Auf,  given 
in  Ref  [1|,  using  the  relations 
A  ,  2 

n  Hi  cm_  (36) 

uf  8-r’2  «ec 

and 

B,  —  B  , 

(u  gf  u< 

where  r'  is  the  wavenumber  of  the  transition:  B^u  and  B^  are  in  photon  units. 

The  degeneracies  of  the  lower  and  upper  states,  g(  and  gu>  are  given  by 

Kf  =  2Js  *  1 
Ku  2Js  '  ' 

where  J  is  the  rotational  designation  of  the  stimulating  laser  transition.  This  particular  roin- 
s 

tion  between  and  £  appears  because  the  laser  operates  in  the  P  branch.  Table  16  shows  the 
energy  required  per  unit  cross-sectional  area  to  excite  the  ceil  so  that  90%  of  the  possible 
stimulation  is  obtained  at  the  far  end  of  cell,  for  0.01  torr  pressure,  373°K,  and  cell  length  of 
5,  30,  and  50  cm.  This  calculation  assumes  that  the  equivalent  spectral  width  of  the  laser  pulse 
is  equal  to  its  upper  limit,  0.025  cm'1.  This  value  Is  approximate  and  was  obtained  by  assuming 
that  the  pressure  in  the  laser  cavity  would  be  about  30  torr  and  that  collisional  broadening  of 
the  transitions  by  H2  and  SFg  would  be  nearly  Identical.  Broadening  by  H2  was  assumed  to  be 
about  1  5  at  effective  as  broadening  by  HF.  These  considerations  yield  a  coilisionai  half  width 
of  about  0.01  cm"1.  This  half  width,  in  combination  with  a  Doppler  half  width  of  about  0.006  cm 
shouid  yieid  a  full  width  for  ‘he  laser  transition  (assuming  that  the  laser  is  operated  without  a 
front  mirror)  of  about  0.025  cm"1  neglecting  narrowing  due  to  stimulated  emission  The  levels 
required  are  very  modest  and  are  well  within  the  capability  of  the  stimulation  laser  already 
constructed. 

3.3.2.  RELAXATION  MONITORING 

As  mentioned  earlier,  optical  monitoring  of  the  relaxation  process  can  be  accomplished 
in  either  absorption  or  emission  and  either  in  the  vibration-rotation  or  pure  rotation  region. 

The  purpose  of  this  section  is  to  determine  expected  levels  for  all  four  types  of  monitoring  and 
to  present  conclusions  covering  the  most  appropriate  means  of  measurement.  Since  absorption 
is  the  simplest  to  model,  it  is  discussed  first. 
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TABLE  16.  POWER  REQUIREMENT  PER  UNIT 
CELL  AREA  TO  PRODUCE  90^  OF  MAXIMUM 
POSSIBLE  CHANGE  IN  CELL  POPULATION 

(a)  5  cm  Ceil  Length 

Coll  Pressure:  0.010  torr 

Cell  Temperature:  373.0  deg  K 
Laser  Line  Width:  0.0250  cm'* 


Stimulating 

Laser 

* 

* 

Energy  Required 

Line 

lt 

P.l 

(J/cm2) 

P  1(1-0) 

0.1134 

2.4052 

0.2102E-03 

P  2(1-0) 

0.1739 

2.4604 

0.2551E-03 

P  3(1-0) 

0.1705 

2.4573 

0.2512E-03 

P  4(1-0) 

0.1268 

2.4174 

0.2379E-03 

P  5(1-0) 

0.0753 

2.3706 

0.2234E-03 

P  60-0) 

0.0366 

2.3356 

0.2104E-03 

P  70-0) 

0.0148 

2.3159 

0.1993E-03 

P  8(1-0) 

0.0050 

2.3071 

0.1897E-03 

P  90-0) 

0.0014 

2.3038 

0.1810E-03 

PlO(l-O) 

0.0003 

2.3029 

0.1731E-03 

Pll(l-O) 

0.0001 

2.3026 

0.1656E-03 

P12(l-0) 

0.0 

2.3026 

0.1585E-03 

P13(l-0) 

0.0 

2.3026 

0.1518E-03 

P14(l-0) 

0.0 

2.3026 

0.1455E-03 

P  15(1-0) 

0.0 

2.3026 

0.1395E-03 
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TABLE  16.  POWER  REQUIREMENT  PER  UNIT 
CELL  AREA  TO  PRODUCE  90r,  OF  MAXIMUM 
POSSIBLE  CHANGE  IN  CLi,L  POPULATION 
(Continued) 

(h)  30  cm  Cell  Length 

Cell  Pressure;  0.010  torr 

Cell  Tempi  uture:  373.0  dec  K 
Laser  Line  Width:  0.0250  rm"' 


Stimulating: 

Laser 

Li  ne 

lt 

* 

P.l 

Energy  Required 

M/  cm  2) 

P  1(1-0) 

0.6801 

2.9321 

0.2563E-03 

P  2(1-0) 

1.0435 

3.2791 

0.3400E-03 

P  30-0) 

1.0233 

3.2597 

0.3332E-03 

P  40-0) 

0.7606 

3.0084 

0.2961E-03 

P  50-01 

0.4519 

2.7174 

0.2561E-03 

P  60-0) 

0.2197 

2.5024 

0.2254E-03 

P  7(1-0) 

0.0886 

2.3826 

0.2050E-03 

P  80-0) 

0.0298 

2.3295 

0. 1916E-03 

P  9(1-0) 

0.0084 

2.3102 

0.1815E-03 

PlO(l-O) 

0.0020 

2.3044 

0.1732E-03 

PI  10-0) 

0.0004 

2.3029 

0.1656E-03 

P12(l-0) 

0.0001 

2.3026 

0.1585E-03 

P13(l-0) 

0.0 

2.3026 

0.1518E-03 

P14O-0) 

0.0 

2.3026 

0.1455E-03 

P15O-0) 

0.0 

2.3026 

0.1395E-03 
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TABLE  16  POWER  REQUIREMENT  PER  UNIT 
CELL  AREA  TO  PRODUCE  90%  OF  MAXIMUM 
POSSIBLE  CHANGE  IN  CELL  POPULATION 
(Concluded) 

(c)  50  cm  Cell  Length 

Cell  Pressure:  0.010  torr 

Cell  Temperature:  373.0  deg  K 

Laser  Line  Width:  0.0250  cm'* 


Stimulating 

Laser 

♦ 

p:i 

Energy  Required 

Line 

lt 

/T  2 

(J  cm  ) 

P  1(1-0) 

1.1335 

3.3659 

0.2942E-03 

P  2(1-0) 

1.7391 

3.9557 

0.4102E-03 

P  3(1-0) 

1.7055 

3.9227 

0  4009E-03 

P  4(1-0) 

1.2676 

3.4957 

0.344  IE-03 

P  5(1-0) 

0.7531 

3.0013 

0.28  28E-03 

P  6(1-0) 

0.3662 

2.6376 

0.2376E-03 

P  7(1-0) 

0.1476 

2.4364 

0.2097E-03 

P  8(1-0) 

0.0497 

2.3474 

0.1930E-03 

P  9(1-0) 

0.0140 

2.3152 

0.1819E-03 

P10(l-0) 

0.0033 

0.3056 

0.1733E-03 

PI  1(1  -0) 

0.0007 

2.3032 

0.1656E-03 

PI  2(1  -0) 

0.0001 

2.3027 

0.1585E-03 

P13(l-0) 

0.0 

2.3026 

0.1518E-03 

P14(l  -0) 

0.0 

2.3026 

0.1455E-03 

P 15(1-0) 

0.0 

2.3026 

0.1 395E-03 

3  3  3  ABSORPTION 

Once  the  cell  is  stimulated,  it  can  then  be  probed  with  a  second,  lower  power  laser  The 
absorption  ol  energy  from  this  second  laser  can  he  monitored.  To  keep  the  experimental  re¬ 
sults  as  independent  of  the  degree  of  stimulation  provided  by  the  stimulating  laser  as  possible, 
if  is  desirable  to  have  the  cell  as  bleached  as  possible.  Therefore,  as  high  an  energy  as  pos-  ' 
sible  per  pulse,  within  reasonable  limits,  is  necessary  from  the  stimulating  laser.  For  the 
remainder  of  this  section  ,.e  cell  will  be  assumed  to  have  been  completely  bleached  by  the 
monochromatic  stimulating  pulse.  That  is,  the  following  condition  will  be  assumed  to  exist 
throughout  the  cell  immediately  after  stimulation 


K, 


’u  nf 

s  s 


(37) 


where  the  subscript  s  refers  to  the  stimulating  transition  (such  a  subscript  is  needed  because 
we  now  plan  to  introduce  a  probe  transition). 

The  same  equations  developed  earlier  for  the  absorption  of  the  stimulating  pulse  apply  to 

the  absorption  of  the  probe  pulse,  except  that  the  initial  conditions  are  now  the  conditions  after 
stimulation. 


The  absorption  of  a  probe  laser  is  given  by  Eq.  (30).  However,  that  relation  indicates  that 
the  absorption  is  a  function  of  probe  laser  energy,  P*,  as  well  as  the  length  L*.  If  we  consider 
small  probe  laser  energies  onlv,  however,  the  exponentials  involving  P*  and  the  logarithm  can 
be  replaced  by  the  first  two  terms  in  series  expansions  so  that,  for  small  P* 


(38) 


(ho  usual  law  of  absorpllon.  From  Eq.  (32),  1^  Is  relal.d  lo  ,  of  the  gas  before  the  lacldeace 
of  a  pulse,  in  this  case  the  probe  laser  pulse;  »/  for  this  case  is 


where  the  P  superscript  refers  to  the  probe  laser  and  the  0  signifies  initial  conditions.  Thus 
the  absorption  is  dependent  on  the  populations  of  the  upper  and  lower  states  before  the  incidence 
of  the  probe  laser  put,  .  We  have  computed  the  absorption  of  the  probe  laser  for  three  cond,- 
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lions  (a)  immediately  after  the  passage  of  the  stimulating  pulse;  (b)  after  rotational  relaxation 
(assuming  that  rotational  relaxation  occurs  before  any  vibrational  relaxation):  and  (c)  after 
complete  relaxation. 


Immediately  after  stimulation  in  a  v  =  0  -  v'  1  P-branch  line,  the  number  densities  in 


cm  are  given  by  the  following  relations: 


D  (2.1.  -  11(2.1  -  l)ltcBn  f  hcB. 

T  .  «  *  s  s  0  0  T  /  T  «  v 

J  Js  •  I:  kT - 4J - W  Cxp  •  If  Js('s  +  !) 

s 


J  r  J  -  1  0 

s 


p  (2J,  .  1)  hcB0  hcB  i 

J  V  kT  4J  kT  p  kT  *Vs  *  ' 

s 


p  licB, 

•'‘•V  k¥2J  * 11  in1  exp  -i? 


where  BQ  is  the  rotational  constant  for  HF  in  the  v  =  0  state.  These  relations  correspond  to  a 
Boltzmann  distribution  of  energies  except  for  those  levels  affected  by  the  stimulating  pulse. 
The  populations  of  the  levels  affected  by  the  stimulating  pulse  are  determined  fiom  Eq.  (37). 
For  this  calculation,  the  population  of  the  v  =  1  state  at  equilibrium  is  assumed  to  be  zero  (at 


100  C  far  less  than  1%  of  the  total  number  density  are  in  the  v  =  1  level). 


Using  Eqs.  (32),  (38),  and  (39),  we  computed  the  absorption  of  a  probe  laser  operating  in 
the  P  branch  of  the  v  =  1  —  v'  =  2  band  for  probe  laser  transitions  having  various  J  values  after 
stimulation  by  a  laser  pulse.  The  results  of  these  tabulations  are  shown  in  Table  17.  Each  of 
the  five  parts  of  Table  17  corresponds  to  a  particular  J  value  for  the  stimulating  laser  line. 

The  absorption  before  any  relaxation  occurred  was  computed  by  use  of  Eq.  (21)  for  the  required 
number  densities.  The  results  of  these  computations  are  shown  in  the  first  column  of  each  part 


of  Table  17. 


The  L  values  and  hence  the  absorption,  were  computed  for  the  peak  of  the  Doppler  absorp¬ 
tion  line.  (Only  Doppler  broadening  is  important  at  the  low  cell  pressures  being  used.)  The 
calculated  absorption  values  are  therefore  only  realized  in  practice  If  the  spectral  width  of  the 
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TABLE  17.  ABSORPTION  OF  COMPLETELY  STIMULATED  CELL  BY  PROBE  LASER 

(a) 


Stimulatin'.; 

Line:  P3  (1-0) 

Cell  Temperature:  373.0  de^  K 

Cell  Pressure  0.010  torr  of  IIP 

Cell  Length: 

50.0  cm 

in  Probe  Dimension 

Absorption  of  2-1 

Laser 

Absorption 

of  1-1  Rotational  Laser 

.1  of 
Probe 
Laser 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

I 

0.0 

0.1792 

0.0 

0.0 

1.0 

0.0 

2 

0.7083 

0.2618 

0.0 

1.0 

1.0 

0.0001 

3 

0.0 

0.2578 

0.0 

0.0 

1.0 

0.0001 

■I 

0.0 

0.1991 

0.0 

0.0 

1.0 

0.0001 

5 

0  0 

0.1237 

0.0 

0.0 

1.0 

0.0 

f. 

0.0 

0.0623 

0.0 

0.0 

0.9994 

0.0 

7 

0.0 

0.0256 

0.0 

0.0 

0.9469 

0.0 

8 

0.0 

0.0087 

0.0 

0.0 

0.6174 

0.0 

9 

0.0 

0.0025 

0.0 

0.0 

0.2315 

0.0 

10 

0.0 

0.0006 

0.0 

0.0 

0.0589 

0.0 

n 

0.0 

0.0001 

0.0 

0.0 

0.0117 

0.0 

12 

0.0 

0.0 

0.0 

0.0 

0.0019 

0.0 

13 

0.0 

0.0 

0.0 

0.0 

0.0003 

0.0 

14 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

15 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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TABLF  17.  ABSORPTION  OF  COMPLETELY  STIMULATED  CELL  BY  PROBE  LASER 

(Continued) 


Stimulating  Line: 
Cell  Temperature: 
Cell  Pressure: 
Cell  Length: 


(b) 

P4  (1-0) 

373.0  deK  K 

0.010  torr  of  11F 
30.0  cm  in  Probe  Dimension 


Absorption  of  2-1  Laser  Absorption  of  1-1  Rotational  Laser 


.1  of 
Probe 
Laser 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

1 

0.0 

0.1318 

0.0 

0.0 

0.9999 

0.0 

2 

0.0 

0.1953 

0.0 

0.0 

1.0 

0.0001 

3 

0.6306 

0.1922 

0.0 

1.0 

1.0 

0.0001 

4 

0.0 

0.1469 

0.0 

0.0 

1.0 

0.0001 

5 

0.0 

0.0902 

0.0 

0.0 

1.0 

0.0 

6 

0.0 

0.0450 

0.0 

O.C 

0.9952 

0.0 

7 

0.0 

0.0184 

0.0 

0.0 

0.8776 

0.0 

8 

0.0 

0.0062 

0.0 

0.0 

0.4973 

0.0 

9 

0.0 

0.0018 

0.0 

0.0 

0.1718 

0.0 

10 

0.0 

0.0004 

0.0 

0.0 

0.0425 

0.0 

11 

0.0 

0.0001 

0.0 

0.0 

0.0084 

0.0 

12 

0.0 

0.0 

0.0 

0.0 

0.0014 

0.0 

13 

0.0 

0.0 

0.0 

0.0 

0.0002 

0.0 

14 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

15 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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TABLE  17.  ABSORPTION  OF  COMPLETELY  STIMULATED  CELL  BY  PROBE  LASER 

(Continued) 

(c) 

Stimulating  Line:  P5  (1-0) 

Cell  Temperature:  373.0  deg  K 

Cell  Pressure:  0.010  torr  of  I1F 

Ce  ll  Length:  50.0  cm  in  Probe  Dimension 

Absorption  of  2-1  Laser  Absorption  of  1-!  Rotational  Laser 


.1  of 

Probe 

Laser 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

1 

0.0 

0.0773 

0.0 

0.0 

0.9964 

0.0 

2 

0.0 

0.1163 

0.0 

0.0 

1.0 

0.0001 

3 

0.0 

0.1143 

0.0 

0.0 

1  0 

0.0001 

4 

0.4013 

0.0864 

0.0 

1.0 

1.0 

0.0001 

5 

0.0 

0.0523 

0.0 

0.0 

0.9983 

0.0 

6 

0.0 

0,0258 

0.0 

0.0 

0.9521 

0.0 

7 

0  0 

0,0105 

0.0 

0.0 

0.6973 

0.0 

8 

0,0 

0.0036 

0.0 

0.0 

0.3237 

0.0 

9 

0.0 

0.0010 

0.0 

0.0 

0.1017 

0.0 

10 

0.0 

0.0002 

0.0 

0.0 

0.0244 

0.0 

11 

0.0 

0.0 

0.0 

0.0 

0.0048 

0  0 

12 

0.0 

0.0 

0,0 

0.0 

0.0008 

0.0 

13 

0.0 

0.0 

0.0 

0.0 

0.00'U 

0.0 

14 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

15 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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TABLK  17.  ABSORPTION  OF  COMPLETELY  STIMULATED  CELL  BY  PROBE  LASER 

(Continued) 

(d) 

Stimulating  Line:  P6  (1-0) 

Cell  Temperature:  373  0  deg  K 
Cell  Pressure:  0.010  torr  of  1IF 


Cell  length: 

50.0  cm 

in  Probe  Dimension 

Ahs 

nrptinn  of  2-1 

Laser 

Absorption 

of  1-1  Rotational  Laser 

.1  of 
Probe 
laser 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

Before 

Relaxation 

After 

Rotational 

Relaxation 

After 

Complete 

Relaxation 

1 

0  0 

0.0367 

0.0 

0.0 

0.9266 

0,0 

2 

0.0 

0.0558 

0.0 

0.0 

0.9978 

0.0001 

3 

0.0 

0  0549 

0.0 

0.0 

0.9986 

0.0001 

•1 

0  0 

0.0411 

0.0 

0.0 

0.9932 

0.0001 

5 

0.2660 

0.0247 

0.0 

1.0 

0.9478 

0.0 

6 

0.0 

0  0121 

0.0 

0.0 

0.7504 

0.0 

7 

0.0 

0.0049 

0.0 

0.0 

0.4261 

0.0 

8 

0  0 

0.0017 

0.0 

0.0 

0. 1632 

0.0 

9 

0.0 

0.0005 

0.0 

0.0 

0.0486 

0.0 

10 

0.0 

0.0001 

0.0 

0.0 

0.0114 

0.0 

11 

0.0 

0.0 

0.0 

0,0 

0.0022 

0.0 

12 

0,0 

0.0 

0.0 

0,0 

0.0004 

0.0 

13 

0.0 

0.0 

0.0 

0.0 

0.0001 

0.0 

14 

0  0 

0.0 

0,0 

0.0 

0.0 

0.0 

15 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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1  able  17.  ABSORPTION  OF  COMPLETELY  STIMULATED  CELL  BY  PROBE  LASER 

(Concluded) 


P7  (1-0) 

373.0  deu  K 
0.010  torr  of  IIF 


Stimulating  Line: 
Cell  Temperature 
CHI  Pressure: 
Cell  1  mi', lli 


ISO.O  cm  In  Probe  Dimension 


Absorplion  of  1-1  Rotational  Laser 

After  After 

Before  Rotational  Complete 

Relaxation  Relaxation  Relaxation 


Absorption  of  2- 1  I 
Alter 

Before  Rotational 

Relaxation  Relaxation 

1  0  0  0113 
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probe  laser  is  small  compared  to  the  Doppler  line  width.  The  realization  of  this  condition  is 
discussed  in  3  !>. 

Similar  calculations  were  performed  for  the  condition  existing  after  rotational  relaxation 
r  this  r  mditlon.  the  molecules  stimulated  to  the  v  1  level  were  allowed  to  distribute  them¬ 
selves  In  a  IVilt/mann  rotational  distribution:  the  number  densities  correst.:'«'liitK  to  this  ease 
are  as  follows 


v  I 


f  (2.ls  ■  *  DhcD0 


k  I 


•U 


kT 


—  exp 


hrB, 


.1  (.1  «  I) 


kT  s  s 


I  hr  llf 

ITT 


exp 


he  Of 

TTJ(J  *  11 


where  0  is  the  rotalioiuil  constant  for  It F  In  the  v  I  level 


(41) 


P 

k  r 


(2.1 


i  - 


1X2.1  -  Illicit 

— rr 


hen 

.1  (.1 

k  I  S  H 


I,c00 

l)JT,r.‘xp 


hcB 

lfJ(J 


1) 


tin-  anv  .1  Tin'  calculated  absorptions  for  this  case  are  shown  In  the  second  column  of  the  parts 
of  Tattle  1 7 


To  compute  the  absorption  calculations  for  the  completely  relaxed  ^as.  we  assumed  a 
lloll/.munn  distribution  for  the  number  densities  In  both  vibration  and  rotation  For  this  case, 
the  imiabei  density  In  the  v  I  state  was  determined  with  use  of  the  vibrational  partition  func¬ 
tion  toi  a  harmonic  oscillator.  These  values  are  shown  In  the  third  column  of  each  of  the  parts 
of  Table  17.  Similar  calculations  were  made  for  a  prohe  laser  operatln»:  In  the  v  -  1  —  v'  -  I 
pure  rotation  band.  The  corrcspomllnt!  results  are  shown  In  the  fourth,  fifth,  and  sixth  columns 
id  the  various  entries  of  Talile  17, 


It  Is  expected  that  the  experimental  apparatus  will  not  he  tittle  to  detect  absorptions  less 
lltan  V ,  We  have  seen  operation  of  the  stimulation  Inner  only  on  the  IM  Ihrounb  PO  Hues  In 
the  v  t)  —  v ’  I  hand  From  Table  17,  It  can  he  seen  that  at  a  pressure  of  0  01  torr,  a  Irm 
pern  tit  re  of  .17.’I°K1  and  a  cell  lenuth  of  SO  cm,  there  Is  enou«li  absorption  before  tiny  relaxation 

takes  place  to  he  enslly  . . .  with  a  v  I  to  v’  2  probe  laser  provided  that  we  operate  the 

stimulation  laser  on  one  of  the  P4  throunh  P7  lines  Aflcr  rotational  relaxation,  exeepi  for  a 
few  transitions  with  a  lower  state  population  near  the  Bollzmnnn  peak,  there  will  not  he  enough 
absorption  in  he  observed  This  Is  nol  expected  In  be  a  serious  problem,  however,  because 
observation  of  the  nbsorptlon  after  rotational  relaxation  would  he  In  conjunction  with  observa¬ 
tion  of  vibrational  relaxation  This  has  a  longer  time  constant  than  rotational  relaxation:  and 
the  cell  pressure,  and  hence  the  absorption,  could  be  raised  to  observe  those  events. 
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Very  substantial  absorption  of  a  pure  rotational  laser  pulse  is  expected  so  that  the  line  is 
completely  absorbing  in  the  center.  Probing  with  a  pure  rotation  laser  should  therefore  be 
useful  for  probing  after  stimulation  at  high  .1  levels  at  which  few  excited  molecules  will  be 
created.  Since  we  have  not  yet  built  a  pure  rotation  laser,  it  is  expected  that  all  efforts  on 
this  contract  will  be  limited  to  probing  with  a  v  1  to  v'  2  laser. 

3.3.4.  MONITORING  RELAXATION  BY  FLUORESCENCE 

Use  of  the  fluorescence  produced  by  the  gas  within  the  cell  in  its  nonequilibrium  state  is 
an  attractive  alternative  means  of  monitoring  the  relaxation  of  the  excited  gas.  No  alignment 
or  timing  difficulties  such  as  those  which  exist  in  probe  laser  absorption  measurements  are 
present  to  complicate  the  measurements. 

The  calculation  of  the  radiance  levels  expected  from  this  fluorescence  is  necessary  for 
judging  the  feasibility  of  fluorescence  measurements  at  the  low  pressures  to  be  used.  Such 
calculations  are  also  important  because  fluorescence  and  accompanying  absorption  also  pro¬ 
vide  a  means  for  relaxation  to  occur  in  the  nonequilibrium  gas.  Usually,  the  time  constant  of 
this  relaxation  is  taken  to  be  A^"1,  i.e.,  the  radiative  relaxation  occurs  solely  by  spontaneous 
emission.  This  time  constant  is  much  larger  than  the  time  constants  we  expect  for  collisional 
deactivation  in  die  current  experiment  and  thus  might  be  ignored.  However  the  effects  of  stimu¬ 
lated  emission  and  absorption  on  the  radiative  relaxation  must  also  be  accounted  for. 

The  equations  of  fluorescence  have  been  derived  in  Appendix  I  also.  They  are  more  com¬ 
plex  than  the  equations  governing  the  stimulation  of  the  cell  because  there  are  photons  present 
corresponding  to  all  possible  transitions  rather  than  to  one  transition  only.  Hence,  the  changes 
in  population  of  all  the  states  must  be  considered.  For  each  transition,  there  is  a  photon  con¬ 
servation  equation  which  depends  on  the  populations  of  only  the  upper  and  lower  states  for  that 
transition  In  addition,  there  is  a  conservation  equation  for  the  population  of  each  state  in  the 
gas  Each  of  these  equations  contains  terms  corresponding  to  spontaneous  emission  and  stimu¬ 
lated  emission  and  absorption  from  and  to  each  state  having  a  transition  in  common  with  the 
state  In  question.  To  correctly  determine  the  fluorescence  as  a  function  of  time,  it  Is  necessary 
to  solve  these  equations  simultaneously.  Because  of  the  large  number  of  variables  involved, 
analytical  solutions  to  these  equations  are  available  only  in  the  simplest  of  situations. 

Solutions  to  simple  cases,  involving  c  ly  a  few  states,  which  ignore  stimulated  emission 

and  absorption  yield  the  usual  optically  thin  solution  with  a  decay  having  a  time  constant  of 

A  To  assess  the  importance  of  stimulated  processes  and  hence  to  determine  whether  they 
uf 

can  be  ignored  in  the  present  situation,  consider  a  photon  conservation  equation  for  one  of  the 
transitions  involved.  From  Appendix  I,  Eq.  (101)  we  write  directly: 
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+  c 


npu,v. 


cp,,n("u 


Bufn( 


fu 


*uf 

4- 


(42) 


whore  ,,  is  simply  a  symbol  for  the  gradient  in  the  fi  direction. 

Since  no  easily  available  measuring  device  can  hope  to  resolve  the  detail  of  a  fluorescence 
line,  we  can  integrate  over  frequency.  Further,  the  measuring  device  will  compare  the  fluores¬ 
cence  output  with  the  ambient  radiation  level.  Hence,  it  is  reasonable  to  substitute  for  p|(  ^ ,  the 
sum  of  a  constant  ambient  equilibrium  (blackbody)  photon  density,  p*,  and  a  deviation  from  this 
equilibrium  value,  p',  i.e., 


i-.Q 


{>' 


Substitution  of  this  value  into  Eq.  (42)  and  integration  over  frequency  yields 


n..U  .0  -  nfBfu)  r  c 


H**  *  nf 


c/'>'(\ 


B 


uf 


uf 


nf  Bfud*,fnu'fiF 


(4:i) 


Assuming  that  p’  is  not  large  compared  to  the  ambient  equilibrium  photon  density,  we  assessed 
the  importance  of  stimulated  emission  and  absorption  in  the  fluorescence  compared  to  spontan¬ 
eous  emission  by  taking  the  ratio  of  the  first  to  third  terms  on  the  RHS  of  Eq.  (43).  Under  equi¬ 
librium  conditions,  p'  is  constant  and  zero  so  that  the  above  mentioned  ratio  mus.  be  -1.  The 
ratio  must  lx*  zero  in  cases  in  which  stimulated  processes  can  be  ignored.  The  ambient  photon 
density  is  given  by 


cm  sr(l  sec) 


(44) 


With  this  substitution,  ihc  ratio  belween  the  flrsi  and  ihird  right  hand  terms  becomes 


(4r>) 


where  Ihe  relation  between  the  and  Bu{  coefficleni  has  alBo  been  Introduced 

This  ratio  has  been  computed  for  the  present  aituatlon  (I.e  ,  for  the  conditions  existing 
Immediately  afler  the  HF  cell  has  been  stimulated  or  pumped  by  monochromatic  light  from  an 
HF  laser)  for  both  R-branch  fluorescence  and  pure  rotation  fluorescence  from  the  upper  level 
stimulated  by  the  pump  laser  The  upper  level  and  lower  level  number  densities  given  by 
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Eq.  (40)  were  used.  The  results  are  shown  in  Table  18  for  stimulation  by  different  P  branch 
lines  It  can  be  seen  that,  for  the  pure  rotation  transition,  the  ratio  is  substantially  greater 
than  zero,  indicating  that  stimulated  emission  is  as  important  as  spontaneous  emission.  If  the 
ceil  is  long  so  that  (>'  becomes  comparable  to  p*  ,  stimulated  emission  becomes  proportionately 
more  important  The  ratio  is  near  zero  for  R-branch  fluorescence  from  the  stimulated  state 
indicating  that  stimulated  emission  might  be  neglected  in  the  R  branch.  The  P  branch  has  not 
been  included  since  the  observation  of  the  P-branth  fluorescence  is  difficult  in  the  presence 
of  the  stimulating  pulse. 

Because  of  the  difficulty  of  including  stimulated  processes,  initial  calculations  of  the 
fluorescent  radiance  to  be  expected  from  the  experimental  situation  neglected  stimulated  terms 
even  though,  as  shown  above,  stimulated  emission  cannot  be  neglected  in  the  case  of  pure  rota¬ 
tion.  Directly  after  stimulation,  the  fluorescent  radiance  from  spontaneous  emission  alone  (i.e., 
the  optically  thin  radiance)  from  the  state  pumped  by  the  stimulating  laser  can  be  determined 
from  Eq  (48)  with  the  first  and  second  terms  on  the  right  hand  side  set  to  zero:  8/)’  ct  can  also 
be  neglected  in  comparison  to  c(<V  8x)  stnee  the  smallest  time  increment  of  interest  is  much 
larger  than  the  time  tt  takes  a  photon  to  travel  the  largest  distance  of  interest.  Under  these 
..  sumptions,  Eq  (48)  can  be  integrated  to  yield 


where  p'  is  the  partial  photon  densttv  per  unit  solid  angle  tn  the  direction  x  wlthtn  the  cell  im¬ 
mediately  after  stimulation;  and  is  the  photon  density  of  the  upper  state  immediately  after 
stimulation  The  fluorescent  radiance  (L)  is  correspondingly  given  by: 


We  have  calculated  radiance  values  using  this  expression  and  the  expressions  for  the  upper 
level  population  density  given  in  Eq.  (40)  as  a  function  of  cell  length  and  the  J  level  of  the  stimu¬ 
lating  line.  These  radiances  are  plotted  In  Fig.  16  for  the  H  branch  of  the  vibration-rotation 
band  and  in  Fig.  17  for  the  pure  rotation  band  as  functions  of  the  J  value  of  the  stimulating 
line  These  values  arc  for  fluorescence  from  the  state  pumped  by  the  stimulating  laser  and 
lienee  are  the  maximum  fluorescence  values  expected  during  the  relaxation  process  based  on 
the  optically  thin  assumption 

Since  we  do  not  currently  have  a  means  of  solving  the  full  set  of  equations  governing  fluo¬ 
rescence  and  the  accompanying  radiative  relaxation,  we  have  used  the  fluorescent  radiance 
values  in  Figs  16  and  17  to  Judge  the  feasibility  of  using  fluorescence  to  monitor  the  relaxation 
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1  2  3  4  5  6  7  8 


J  OF  STIMULATING  LASER 

FIGURE  16.  R-BRANCH  FLUORESCENCE  IN  THE 
0  -  1  LINE  PUMPED  BY  THE  STIMULATION  LASER. 
BEFORE  RELAXATION  AND  IN  AN  OPTICALLY 
THIN  APPROXIMATION 


1  2  3  4  5  6  7  8 


J  OF  STIMULATING  LASER 

FIGURE  17.  PURE  ROTATION  FLUORESCENCE  IN 
THE  1  -  1  LINE  PUMPED  BY  THE  STIMULATING 
LASER,  BEFORE  RELAXATION  AND  IN  AN  OPTI¬ 
CALLY  THIN  APPROXIMATION 
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Those  radiative  values  do  not  include  the  effects  of  stimulated  emission  and  absorption  which 
have  been  shown  to  he  important  in  at  least  the  case  of  pure  rotation.  The  relaxation  time 
constants  associated  with  the  values  shown  on  Figs.  16  and  17  are  of  course  the  reciprocals 
of  the  A  \ alues  (taken  from  Ref.  [  1 1) which  are  all  greater  than  a  few  milliseconds.  When 
stimulated  pr  >r esses  are  included,  however,  the  radiance  values  are  sure  to  increase  in  the 
pure  rota  .<  n  region  because  of  stimulated  emission,  and  the  time  constants  will  correspond¬ 
ingly  decrease.  While  these  effects  are  important  for  predicting  the  nature  of  the  relaxation 
process,  tliev  are  less  important  for  predicting  measurement  feasibility  Stimulated  emission 
is  made  important  primarily  by  the  discontinuous  nature  of  the  rotational  distribution  produced 
by  the  stimulating  laser.  There  are  a  large  number  of  molecules  in  the  pumped  state  and 
essentially  n«»n<  in  the  adjacent  rotational  state.  Stimulated  emission  is  likely  to  be  important 
for  onlv  the  pure  rotation  transition  from  the  pumped  state.  Since  fluorescence  measurements 
I  pom  a  numhc"  of  states  are  required  to  determine  the  nature  of  the  relaxation  process  occur¬ 
ring  in  the  gn  ,  possible  high  fluorescence  rates  from  one  transition  cannot  be  used  to  judge 
the  feasibility  of  flu  irescenco  measurements  as  a  monitoring  process.  Therefore  the  radiance 
vain  s  shown  in  Figs  16  and  17  are  taken  to  be  conservative  estimates  of  possible  fluorescent 
radiance  \ alues  to  be  expected  during  the  relaxation  process. 

To  determine  the  feasibility  of  measuring  these  radiance  values,  noise-equivalent  radiance 

values  for  typical  state-of-the-art  radiometric  systems  were  determined  and  compared  to  the 

values  shown  in  Figs.  16  and  17.  Two  systems  were  considered  for  each  spectral  region,  a 

snectr  metric  and  radiometric  system.  For  the  R  branch,  t ho  detection  system  was  assumed 

10  — 

to  he  a  detector  having  a  spectral  dimensionless  detectivity  (D*)  of  3  v  10  cmvll/  W  in  the 
vibration-rotation  region.  For  the  pure  rotation  region,  the  detector  was  assumed  to  be  back¬ 
ground  noise  limited  and  shielded  from  all  ambient  background  except  that  between  20  and  28  /an 
in  the  solid  angle  viewed  bv  the  optical  system  This  allows  observation  of  the  transitions  only 
between  .1  9  -  .1  8  and  .1  13  -  .1  12,  but  Inclusion  of  Hie  longer  wavelengths  required  to 

observe  lower  .1  values  would  increase  the  noise  of  the  system  further.  In  any  real  experiment, 
the  r  uiled  filter  used  to  eliminate  the  background  need  only  be  wide  enough  to  observe  one  or 
several  transitions  at  a  time  and  should  be  capable  of  being  changed  to  observe  others  at  will. 

The  optical  parameters  for  the  spectrometer  were  assumed  to  be:  a  1  2-  '  12-nun  entrance 
slit;  a  collection  angle  corresponding  to  f  4.5  and  an  efficiency  of  25%.  The  radiometric  sys¬ 
tem  In  each  case  was  assumed  to  consist  of  a  2 -mm  square  detector  and  an  f  1  viewing  system 
with  an  80'  efficiency  All  systems  were  assumed  to  have  a  0. 1-nsec  Uirm  constant  Table  19 
gives  the  noise  equivalent  radiance  for  all  of  these  systems.  The  noise  equivalent  radiances 
are  also  shown  on  Figs.  16  and  17. 
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TABLE  18.  RATIO  OF  STIMULATED  FLUORESCENCE  TERMS  TO 
SPONTANEOUS  FLUORESCENCE  TERM  IN  EQUATION  (45) 

R-Branch  Fluorescence  in  the  Pure  Rotation  Fluorescence 
Stimulating  Line  in  0-1  Line  (Pumped  by  the  in  the  1  -  1  Line  (Pumped 


1  Band 

Stimulating  Laser) 

by  the  Stimulating  Laser) 

P3 

-4.78  x  10"7 

2.81 

P4 

-6.55  x  10'7 

1.73 

P5 

-8.57  x  10'7 

1.19 

PG 

-1.10  x  10"6 

0.88 

P7 

-1.39  x  10"6 

0.675 

P8 

-1.76  x  10"6 

0.532 

TABLE  19.  NOISE  EQUIVALENT  RADIANCES  FOR  PRACTICAL  RADIOMETRIC 
AND  SPECTROMETR1C  SYSTEMS  IN  BOTH  THE  VIBRATION-ROTATION 
REGION  AND  THE  SHORT  WAVELENGTH  END  OFT  HE  PURE 
ROTATION  REGION  FOR  HF 

Spcctrometric  System  Radiometric  System 

(1  2  x  12-nim  Slits,  (2-mm  Square  Detector, 
f/4.5)  f/1) 

Vibration -Rotation  Region 
(2.5  /j  m) 

D*  3  x  1010^)  1.7  x  I0'5  W'em2-sr  3.4  x  10‘7  W/rm2-sr 

Pure  Rotation  Region  , 

(20-28  pm,  Background-  1.0  x  10*°  W/cni  -sr  2.0  x  10"B  W/em-sr 

Noise  Limited  Deteetor) 
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Since  radiometric  techniques  do  not  allow  t he  separation  of  contributions  from  different 
rotational  levels,  sped rometric  measurements  are  far  more  desirable  for  use  in  this  experi¬ 
ment.  An  examination  of  Figs.  16  and  17  reveals  that  sufficient  fluorescence  radiation  is 
available  from  the  R  branch  to  be  observed  spectrometrically  at  least  through  a  J  value  of  six 
for  the  stimulating  laser.  On  the  other  hand,  pure  rotation  fluorescence  could  only  be  observed 
spoctrometrirallv  if  some  form  of  pulse  integration  technique  using  a  waveform  eductor  or 
boxcar  integrator  were  available.  The  fluorescence  radiance  is  so  low  that  at  least  5000  pulses 
would  need  to  be  integrated  to  yield  a  signal-to-noise  ratio  of  10  Moreover,  the  results  of 
Fig.  17  are  for  fluorescence  from  the  pumped  level.  The  results  for  fluorescence  from  other 
levels  populated  during  the  relaxation  process  would  be  lower.  Thus,  the  measurement  of 
rotational  fluorescence  is  considered  unfeasible  as  a  means  of  monitoring  rotational  relaxa¬ 
tion:  R-branch  fluorescence  measurement  appears  to  be  a  feasible  means  however. 

3.4.  CHOICE  OF  A  MEASUREMENT  SCHEME 

It  appears  that  measurement  of  either  absorption  of  a  probe  laser  operating  at  one  of  sev¬ 
eral  lines,  or  of  R-branch  fluorescence  will  be  suitable  for  monitoring  rotational  relaxation. 

The  choice  if  the  probe  laser  absorption  technique  was  made  in  light  of  the  following  considera- 
t  ions : 

(1)  In  order  to  realize  the  calculated  fluorescence  output,  the  cell  design  must  be  such 
that  no  ray  from  the  spectromet ric  measurement  apparatus  intersects  the  side  walls 
of  the  cell  and  that  no  ray  passes  through  an  unstimulated  region  of  the  cell  These 
requirements  dictate  a  great  deal  of  expansion  of  the  stimulating  laser  beam,  which, 
in  turn,  requires  a  relatively  large,  well  collimated  stimulating  laser  output  and  a 
very  high  quality  infrared  beam  expander. 

(2)  It  will  lie  necessary  to  Insure  that  the  probe  laser  oscillates  only  in  a  single  longi¬ 
tudinal  mode  and  Is  relatively  stable  In  frequency  in  order  to  Insure  that  the  spectral 
width  of  the  emitted  rc  Ration  Is  narrow  compared  to  the  Doppler  line  width  and  that 
its  output  remains  close  to  line  center. 

(3)  The  dimensions  of  the  cell  must  be  smaller  than  the  dimensions  of  the  stimulated 
region  and,  in  addttlon,  the  volume  of  the  monitored  region  must  be  smaller  than  the 
stimulated  region.  These  relationships  are  required  to  Insure  that  wall  effects  ^nd 
the  diffusion  of  unstlmulated  molecules  Into  the  monitoring  region  have  no  effect  on 
the  measurements.  A  molecule  is  typically  expr  ied  to  travel  a  fraction  of  a  centi¬ 
meter  during  one  experimental  event.  In  the  case  of  a  laser  absorption  measurement, 
the  size  of  the  stimulated  region  need  thus  only  be  of  the  order  of  1  cm  (which  Is 
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easily  obtained)  if  the  beam  of  the  probe  laser  is  very  small.  On  the  other  hand,  in 
the  case  of  fluorescence  measurement,  this  requirement  would  significantly  increase 
the  required  expansion  of  the  stimulating  beam. 

(4)  Figure  16  indicates  that  measurement  of  R-branch  fluorescence  would  yield  a  maxi¬ 
mum  signal-to-noise  ratio  of  10.  This  is  considered  to  be  minimal  for  good  data 
interpretation.  Figure  17  assumes  that  the  measurement  system  is  detector-noise 
limited  Thus,  it  appears  that  a  boxcar  integrator  and  associated  low-noise  preamp 
would  be  desirable  even  for  R-branch  fluorescence  measurements.  The  budget  for 

this  contract  could  rat  support  this  capital  expenditure  in  addition  to  the  others  required. 
Furthermore,  the  maintenance  of  a  detector  noise  limited  condition  in  the  presence  of 
the  electrical  interference  produced  by  the  laser  power  supply  is  a  difficult  task. 

(5)  The  timing  and  alignment  requirements  will  be  more  stringent  with  probe  laser  absorp¬ 
tion  measurements. 

It  is  our  opinion  that  the  two  monitoring  schemes  are  probably  about  equivalent  when  both 
advantages  and  disadvantages  are  compared.  Although  the  choice  of  the  probe  laser  absorption 
technique  was  made  before  all  the  above  considerations  became  apparent,  it  appears  that  the 
choice  will  meet  with  reasonable  success. 

3  5.  TECHNIQUES  TO  BE  USED  IN  THE  MEASUREMENT  OF  RELAXATION  TIMES 

3.5. i.  EXPERIMENTAL  ARRANGEMENT 

The  measurement  of  the  relaxation  rates  of  excited  HF  molecules  will  be  made  with  two 
HF  pulsed  lasers.  The  first  laser  is  the  stimulating  or  pumping  lr.ser  and  its  output  is  a  short 
pulse  (duration  <  500  nsec)  on  one  of  the  Pg-Pg  lines  of  the  HF  1  -  0  vibration  band.  The  pump¬ 
ing  laser’s  output  is  directed  through  a  cell  containing  pure  HF  at  low  pressure  (P  -  0.01  torr). 
The  output  energy  of  the  pumping  laser  is  of  sufficient  energy  (~  0.5  mJ)  to  excite  at  least  80  [ 
of  the  molecules  in  the  HF  cell.  After  a  suitable  time  delay  (0  -  50  fisec),  a  second  pulsed  HF 
laser,  the  probe  laser,  is  triggered.  The  probe  laser  produces  short  (t  <  200  nsec)  pulses  of 
low  energy  (~  0.01  mJ)  on  one  of  the  P4-P6  lines  of  the  HF  2  -  1  band.  The  probe  laser  beam 
Is  directed  coaxially  through  the  HF  cell  with  the  pumping  laser,  and  the  intensity  of  the  probe 
laser  beam  is  measured  before  and  after  It  traverses  the  HF  cell.  The  ratio  of  the  intensities 
gives  the  absorption  of  the  excited  HF  molecules,  and  a  plot  of  absorption  versus  delay  time 
between  the  pump  and  probe  laser  pulses  yields  the  relaxation  time  of  the  excited  HF. 

The  requirements  on  the  components  of  the  experimental  apparatus  and  the  present  state 
of  development  of  these  components  are  discussed  below.  A  block  dtagram  of  the  apparatus  is 
shown  in  Fig.  18. 
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The  pump  laser  is  shown  in  Fig.  19,  The  optical  path  length  is  1  m,  and  ninety-eight  300-17, 
2-W  ballast  resistors  are  arranged  In  ?.  linear  array  with  the  resistor  leads  pointed  to  form  the 
anodes.  The  premixed  fuel  and  oxidizer  gases  are  admitted  Into  the  inlet  manifold  and  the  gases 
flow  around  the  pin  anodes  and  down  into  the  optical  cavity,  Spent  gases  flow  out  of  the  optical 
cavity  through  a  slot,  Into  the  exhaust  -oanifold,  and  hence  to  the  vacuum  pump.  The  exhaust 
manifold  Is  electrically  grounded  and  the  slot  serves  as  a  cathode.  Typical  operation  parameters 
for  the  pump  laser  are  as  given  in  Table  20.  The  pump  laser  is  usually  operated  super-radiantly 
with  no  front-end  reflector.  When  a  front-end  reflector  is  used  (infinite  radius  of  curvature, 
reflectivity  between  0.9  and  0.75),  the  and  Pg  lines  of  the  1  —  0  band  can  be  made  to  <•;  _illate 
weakly.  The  strength  of  the  P^-P^  1  —  0  lines  is  reduced  from  the  values  shown  in  Table  20, 
however.  The  maximum  output  on  any  one  line  is  obtained  with  fuel  type  Hg  or  CH^,  fuel  pres¬ 
sure,  oxidizer  pressure,  ard  high  voltage  unique  to  that  line. 

The  1-ra  pump  laser  exhibits  a  variation  in  output  energy  of  ~  ±10%  from  pulse  to  pulse. 

The  reason  for  this  variation  is  not  known  but  is  suspected  to  be  the  result  of  variations  in  the 
gas  discharges  along  the  cavity  which  produce  u.?  F  atoms.  The  output  energy  variations  are 
more  pronounced  at  low  output  energy.  Further  efforts  are  being  made  to  reduce  the  output 
energy  variations  so  that  the  number  of  1  -  0  HF  lines  available  for  pumping  may  be  increased 
beyond  the  four  (P^-P^  lines  available  at  present. 

The  1-m  pump  laser  exhibits  sufficient  gain  to  super-radiate  when  no  cavity  mirrors  are 
used.  When  the  fuel  and  oxidizer  pressures  are  lowered  to  reduce  gain,  the  output  energy  is 
also  reduced.  Initial  plans  to  ope. ate  the  pump  laser  on  a  single  line  have  been  abandoned  in 
favor  of  allowing  the  laser  to  oscillate  at  will  and  to  select  the  desired  output  line  by  means  of 
a  monochromator.  An  additional  advantage  Is  obtained  by  operating  the  pump  laser  with  a  single¬ 
end  reflector;  the  absence  of  a  hlgh-cavlty  Q  allows  the  laser  to  operate  over  the  full  gain  curve 
of  a  giver,  line.  This  should  provide  pumping  energy  over  the  entire  Doppler  width  of  the  HF 
transition 

The  beam  pattern  of  the  pump  laser  has  been  observed  with  an  Infrared  quenching  phosphor 
positioned  ~  30  cm  In  front  of  the  laser.  No  front-end  reflector  was  used  and  the  beam  Image 
appeared  uniformly  Intense  over  the  cross  sectional  area  of  the  sensor. 

The  probe  laser  Is  similar  to  one  reported  by  Pettlplece  [34]  and  Is  shown  In  Fig.  20.  It 
consists  of  a  0.2-m  long  Luctte  *ube  with  a  1.2-cm  bore  and  a  3.17-mni  wal.  thickness.  The 
tube  ends  are  cut  at  the  Brewste  *  angle,  and  sapphire  wlndov/s  are  used  to  close  the  tube.  Pre¬ 
mixed  fuel  and  oxidizer  gases  are  admitted  at  each  end  of  the  tube,  and  an  exhaust  port  Is  lo¬ 
cated  In  the  center.  Forty  9 10- EJ  1-W  carbon  resistors  are  arranged  In  a  single-turn  helix 
along  the  tube's  circumference,  with  the  pointed  lead  of  each  resistor  passing  throng'  P’e  tube 
wall  and  'orming  an  anode.  A  set  of  cathodes  Is  also  arranged  In  a  single-turn  helix  s  hat 
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FIGURE  19.  IM  PUMP  LASER 
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pach  cathode  is  directly  opposite  one  of  the  anodes.  Typical  operating  parameters  are  given 
in  Table  21. 

Tin*  probe  laser  is  required  to  operate  on  a  single  line  and  also  in  the  Toiiiqq  mode:  how  - 
ev(  r,  the  required  output  energy  is  very  low  (-0.01  mJ).  A  high-Q  cavity  is  required  for  this 
type  of  nperati  m.  and  consists  of  a  plane  grating  on  one  end  (r  0.95),  and  a  spherical  mirror 
(1-m  radius  of  curvature,  0.75  reflectivity)  on  the  other  end.  The  spherical  mirror  is  made  of 
fused  quart/,  which  is  transparent  to  the  output  wavelengths  of  the  laser,  and  the  laser  output 
passes  through  the  mirror.  The  mirror  is  equipped  with  a  3.3-mm  aperture  slop  which  provides 
a  Fresnel  number  of  4  which,  in  conjunction  with  the  helical  resistor  arrangement,  is  low  enough 
lo  control  transverse  modes. 

The  high  0  cavity  of  the  probe  laser  operates  at  a  vnode  number  of  -200.000  and  is  quite 
sensitive  to  mechanical  vibrations.  The  laser  has  been  isolated  from  the  vacuum  pump  by  a 
G  -  ft  long  rubber  tube  to  reduce  cavity  vibrations  caused  by  the  pump.  Pulse-to-pul.se  amplitude 
variations  are  encountered  with  the  probe  laser  which  are  similar  to  those  observed  with  the 
pump  laser.  Variations  in  the  population  inversion  resulting  from  variations  in  the  discharge 
arc  again  believed  to  be  t lie  reason  for  this,  ff  further  efforls  to  eliminate  the  problem  are  un¬ 
successful,  to  reduce  the  uncertainty  in  live  measurements  we  will  have  to  average  over  many 
pulses  during  the  measurement  of  relaxation  rates. 

Another  problem  encountered  with  the  operation  of  the  pulsed  lasers  is  the  electromagnetic 
interference  (EMI)  caused  by  the  electrical  discharge.  The  discharge  consists  of  high  voltage 
(up  to  20  kV)  and  high  current  (up  to  5  kanip)  pulses  and  causes  EMI  with  the  low  level  (~  20  mV) 
signals  from  the  infrared  detectors.  All  components  of  the  power  supply  and  laser  heads  have 
been  shielded  by  metal  enclosures.  The  most  troublesome  interference  Is  not  caused  by  the 
de  dt  or  dl  dt  of  the  storage  capacitor  since  the  interference  appears  as  a  damped  oscillation 
with  a  frequency  of  50  to  100  Mil/.  The  only  process  that  might  contain  frequency  components 
this  high  is  the  sequential  breakdown  of  the  laser  electrodes.  The  EMI  level  Is  high  in  ampli¬ 
tude  and  of  long  duration  when  the  resulting  laser  output  pulse  Is  low  In  amplitude.  We  feel, 
therefore,  that  when  the  electrodes  discharge  almost  simultaneously,  the  population  Inversion 
builds  up  faster  and  to  a  higher  level  than  wlieu  the  electrode’'  discharge  over  a  longer  period 
of  time. 

The  beam  pattern  of  the  probe  laser  Iuil  *  n  measured  for  multiple  line  operation.  This 
was  done  In  the  near  field  with  a  1.0  mm  diameter  PbSe  detector  which  was  traversed  In  the 
vertical  and  horizontal  directions  across  the  laser  beam.  The  results  are  shown  in  Fig.  21 

The  circuit  diagram  of  the  pump  laser  power  supply  Is  shown  in  Fig.  22.  The  probp  laser 
power  supply  uses  a  higher  voltage-power  transformer  and  energy-storage  capacitor  but  Is 
otherwise  the  same.  Trigger  pulses  for  the  pump  laser  are  supplied  by  a  H-P  211A  square-wave 
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TABLE  20.  TYPICAL  OPERATING  PARAMETERS 
FOR  THE  1-ni  PUMP  LASER 


Output  pulse  energy  (all  lines) 
Pulse  length 

Fuel  pressure  (Hgor  ClI^) 

Oxidizer  pressure  (SFJ 
b 

Gas  flow  rate 

HV  pulse  amplitude 
HV  pulse  energy 
HV  pulse  duration 
Pulse  repetition  frequency 
Rear-end  reflector 
Front-end  reflector 


4.4  niJ 

300  to  500  nsec  (may  be  detector  limited) 
1  to  10  torr 
10  to  50  torr 
120  1/sec 

8  to  14  kV 

6.4  to  19.6  J 
300  nsec 

1  to  10  Hz 

4-m  radius  sphere;  100%  Au  coated 
None  used 
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TABLE  21.  TYPICAL  OPERATING  PARAMETERS  FOR  THE  0.2-m 

PROBE  LASER 


Output  pulse  energy  (all  lines) 
Pulse  length 

Fuel  pressure  (Hg  orCH4) 

Oxidizer  pressure  (SF„) 
b 

Gas  flow  rate 
HV  pulse  amplitude 

HV  pulse  energy 
HV  pulse  duration 
Pulse  repetition  frequency 
Rear-end  reflector 
Front-end  reflector 


0.5  mJ 

200  to  400  nsec  (may  be  detector  limited) 
1  to  4  torr 
10  to  20  torr 
120  l/sec 
10  to  20  kV 

1  to  25  J 

200  nsec 

1  to  10  Hz 

625  l/mm  grating 

4-m  radius  sphere;  95%  Au  coated 
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generator.  Delayed  pulses  for  the  probe  laser  are  supplied  by  the  delaying  sweep  gate  output 
of  a  Tektronix  535A  oscilloscope.  The  output  of  a  pump  laser  beam  sampler  is  displayed  on  the 
oscilloscope.  The  outputs  from  the  beam  samplers  for  the  probe  laser  are  displayed  on  a  Tek¬ 
tronix  £56  dual  beam  oscilloscope;  one  beam  displays  the  amplitude  of  the  probe  laser  beam 
incident  on  the  HF  sample  cell  and  the  other  beam  displays  the  difference  between  the  incident 
and  transmitted  probe  laser  beam  amplitudes.  The  time  base  of  the  dual-beam  oscilloscope  is 
initiated  by  the  pump  laser  pulse  and  indicates  the  time  delay  between  the  pump  laser  and  probe 
laser  pulses.  The  data  are  recorded  by  photographing  the  556  oscilloscope  screen.  Typical 
data  expected  are  shown  in  Fig.  23.  Many  pulses  (~  100)  may  be  required  to  average  out  the 
effects  or  variations  in  the  probe  laser  beam. 

The  HF  cell  used  for  the  experiment  was  made  for  a  previous  study.*  It  is  30-cm  long  and 
has  a  clear  aperture  of  5.7  cm.  Sapphire  windows  are  sealed  to  the  cell  with  Viton  O-rings, 
and  the  cell  is  made  of  Inconel  X.  The  cell  is  heated  with  an  electrical  heater  tape  to  80°C  to 
prevent  HF  polymerization.  The  cell  is  HF  passivated  before  use.  Purified  HF  from  a  supply 
cylinder  flows  through  the  cell  at  a  low  rate  to  avoid  any  remaining  absorption  effects  on  the 
cell  and  piping  walls.  The  cell  pressure  is  measured  with  a  capacitance  manometer. 

Tiie  infrared  detectors  presently  in  use  are  all  dewar-mounted  InSb  and  InAs  detectors. 

Both  types  require  liquid  nitrogen  cooling,  and  none  of  them  are  designed  for  detection  of  short 
pulses.  We  believe  that  the  detectors  on  hand  have  longer  rise  times  than  the  laser  pulses  and 
that  the  displayed  pulse  shape  is  distorted.  A  new  detector  is  on  order  which  will  have  a  maxi¬ 
mum  rise  time  of  10  nsec,  and  when  pulse  waveforms  from  it  are  compared  with  those  from  the 
present  detectors,  the  adequacy  of  the  detectors'  response  time  can  be  determined. 

A  Perkin-Elmer  type  98-G  monochromator  with  a  3-pm  blaze  grating  is  used  to  identify 
and  monitor  the  various  lines  of  the  lasers.  Figure  24  shows  the  pump  laser  and  its  associated 
optical  bench  inside  the  fume  hood;  the  small  object  mounted  on  a  ring  stand  to  the  right  of  the 
'aser  is  used  for  measuring  the  laser  beam  pattern.  The  monochromator  is  outside  the  fume 
hood,  and  infrared  energy  passes  through  a  hole  in  the  fume-hood  wall  to  reach  the  monochrom¬ 
ator.  The  compressed  gas  cylinders  contain  fuel,  oxidizer,  and  diluent  gases  used  with  the 
lasers. 

3.5.2.  DATA  REDUCTION  AND  ANALYSIS 

The  amplitudes  on  the  photographic  outputs  typified  by  Fig.  23  are  to  be  digitized  on  a  curve 
digitizer,  and  absorption  as  a  function  of  time  will  be  determined  for  the  transition  involved. 


♦See  0-3  HF  measurement,  Section  5. 
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FIGURE  22.  PUMP  LASER  POWER  SUPPLY  CIRCUIT 


FIGURE  23.  EXPECTED  DATA  AS  DISPLAYED  ON  DUAL 
BEAM  OSCILLOSCOPE 
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4 

COMPUTATION  OF  THE  WIDTH  OF  COLLISION-BROADENED  SPECTRAL  LINES 

(R.  E.  Meredith  and  R.  E.  Turner) 

A  verbal  understanding  between  R.  E.  Meredith  and  the  technical  monitor  allowed  the  cur¬ 
rent  contract  to  support  the  development  of  a  code  to  compute  collision-broadened  half  widths 
of  vibration-rotation  transitions  by  Anderson’s  method  [3) .  This  section  describes  this  work. 


4.1.  INTRODUCTION 

Collision  theory  has  been  developed  along  two  lines:  the  stationary -state  theory  in  which 
the  time -independent  Schrodinger  wave  equation  is  solved  and  the  time -dependent  theory,  mi 
which  the  initial  and  final  states  of  the  system  are  connected  by  a  linear,  unitary  time-transla¬ 
tion  operator.  In  the  latter,  the  Hamiltonian  is  divided  into  two  parts,  i.e.: 

H  HQ  *  V  (47) 

where  HQ  Is  the  unperturbed  Hamiltonian  which  describes  the  system  at  times  in  the  infinite 
past  and  infinite  future.  As  the  colliding  parts  interact  with  each  other,  the  change  in  the  energy 
manifests  itself  through  the  interaction  potential  V.  If  i<i>a  >  is  the  eigenket  or  state  vector  for 
the  unperturbed  state  a,  then  we  have 

"o'V  EJv  m 

where  E  is  Ihe  corresponding  eigenvalue  (energy).  Likewise,  if  we  lei  and  o,/  be  the 

eigenkets  for  the  incoming  and  outgoing  states  respectively  for  the  general  system,  then 

HilO  Ea!,0  W9) 

It  can  be  shown  [35]  ,  [36]  that  these  states  satisfy  the  Lippmann-Schwinger  equation,  i.e.: 

/+N)>  1 0  ^>+  lim  ^ - rr — 

a/  a/  En  "  Ho  +  i€ 


'O'  U»>“”  +  Efl  -  Hq  -  IF  V!^a> 


(*1) 


when  c  is  an  infinitesimal.  Now,  the  eigenstate  at  any  time  t  is  |i^a(t)>  anu  is  related  to  the 
eigenstate  in  the  infinite  past  by  a  unitary  operator  U(t,  -»): 


ka(tf>=  U(t,  -*)|^a(-«)^> 


(52) 
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As  t  -  1 -c.  the  final  state,  then 

V.(( ‘x)'  l'(*x,  -x)l^a(-x)-*  (53 

where  S  -  U(  x.  -x).  The  time  development  operator  can  be  found  by  solving  the  Schrodinger 
equation  in  the  interaction  picture: 


t 

U(t.t0)  1-A  |Hi(t-)U(t.t0)df  (54) 

*0 

where  H^t)  is  the  interaction  Hamiltonian  in  the  Dirac  picture.  Therefore,  the  transition  rate 
per  unit  time  is  given  by 

wba  (55) 

wheie  n(E|j)  is  the  number  density  of  final  states  and  <i^  is  the  bra  vector  corresponding  to 
the  final  state  b. 


A  completely  analogous  solution  can  be  found  by  use  of  the  stationary -state  method.  Here, 
one  starts  by  solving  the  integral  equation 


*(*>  =  exp  U*l»  -*'Dy(W,)di 

*  Ik  i*  l  I 


(56) 


where  K  (=  v2mE  fi)  is  the  wave  number  and  K(*)is  the  potential.  In  Eq.  (56),  %  is  the  position 
vector  of  the  field  point  and  %'  is  the  position  vector  of  the  source  point.  Iteration  of  this  equa¬ 
tion  ailows  one  to  find  an  approximate  solution  called  the  Born  aoproximation.  It  is  especially 
valid  for  weak  collisions  and  therefore  it  has  been  used  extensively  in  spectral  line-broadening 
theory.  This  is  the  approach  used  by  Anderson  [3]  which  we  shall  now  describe. 


4.2.  ANDERSON'S  THEORY  OF  SPECTRAL  LINE  BROADENING 

Let  us  consider  two  molecules,  a  radiating  molecule  1,  and  the  perturbing  molecule  2.  For 
a  gas  in  statistical  equilibrium,  the  number  of  molecules  which  are  radiating  relative  to  the 
total  number  is  quite  small,  and  therefore  it  is  very  unlikely  that  both  molecules  wili  be  radiat¬ 
ing  simultaneously.  For  classical  trajectories  of  the  molecules,  the  complete  Hamiltonian  is 
tb°n  given  by 

H=H1+H2+Hc(t)+HR+H1R  (57) 

where  HQ(  Hj  +  Hg)  Is  the  unperturbed  molecular  Hamlltonla-,  h  (t)  is  the  time-deoendent 
collision  Hamlltoman,  HR  is  the  Hamiltonian  of  the  pure  radiation  field,  and  HJR  is  the  inter¬ 
action  between  the  radiating  molecule  and  the  radiation  field.  Since  our  goal  is  to  find  the 
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transition  probability  per  unit  time  between  molecular  states  a  and  b,  we  must  consider  the 


initial  and  final  state*  vectors  V'  Uq)'  and  Tnus 


^a(t0)  W\ 


(t>\  N 

h  "k-i/ 


whore  \ 's  an  thi‘  vectors  for  the  radiation  field  with  photon  occupation  number  indices  n^  and 
j.  The  general  time-dependent  state  at  time  t  is  simply  related  to  the  original  state  at 


time  tg  by  the  linear  unitary  time  development  operator,  i.e.: 


V  (t)  U(t.  tJUMtJ 

a  0  a  0 


Operator  Eq.  (541  can  be  solved  by  successive  iterations  to  yield 


r.  ‘  n 

Kt,t0)  t'xP!^  J  H.(»')dt  j 


where  M/t).  The  transition  probability  for  going  from  state  a  to  b  is 


Pba  I  vh(l)  ^a(t)  ’  1 


or.  makiiijiu.se  of  the  time-development  operator  of  Eq.  (60),  we  get 


Using  these  principles,  and  the  assumption  that  the  duration  of  collisions  is  small  compared  to 
the  time  interval  between  collisions.  Anderson  was  able  to  derive  the  following  expression  for 
the  average  transition  rate  per  unit  time  for  dipole  interactions: 


„  _ _ _  n.  Cl  nuo  \ 

8r2n\n  Ji  yi  ,  \“5ir) 

'v  he/  2J  t  1  /  .  I  <  v.IM  I  u  I  v'J 1 2  - — -  9 - s 

1  M  M-  r  /nua.Yl  /nu a  > 

if  i  r. 

1  f  •  l[  ''a +  j\ +  \ j 


where  v  is  the  frequency,  n  is  the  number  densTy  of  the  absorbing  molecule,  and  u  is  the  rela¬ 
tive  velocity  of  the  two  molecules.  The  v,  J,  and  M  indices  denote  the  vibrational,  rotational, 


and  mag.uie  quantum  numbers  respectively,  and  <vJMlpzlv  J'M’>  is  the  dipole  matrix  ele¬ 


ment  for  the  transition.  Tae  or  and  o.  are  the  real  and  imaginary  parts  of  the  total  collision 


cross  section  o.  If  we  denote  the  wave  number  by  v'(-v/c),  then  the  line  half  width  is 
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2tc 


(65) 


and  the  line-shift  is 
nua 

i 

2rc 


Aa ' 


(66) 


Now.  if  7  is  th<  transition  operator  and  we  make  use  of  the  assumption  that  the  time  interval 
between  eollisions  is  greater  than  the  duration,  then  the  cross-sec  tion  for  a  given  perturber 
molecule  is  [37|  : 

v-i  \-i<  J 'LM'  M  I  J,M  >  <  JLM’/Vtl 

'  'LL  (2J  +  l)(2J„  +  1) 

L  M's  J2' 


J'  M,J2^2iT  11,1  Af'J2’A<L'><JA<J2  ^2'  T!m,2'V 


da 


(67) 


J 


The  transition  operator  Tis  similar  to  the  unitary  operator  l’(t.  tQ)  defined  earlier,  except  that 
we  now  consider  t-(*  and  tQ  =  0  and  let  U  transform  the  collision  Hamiltonian  Hc(t)  Into  the 
Dirac  picture.  Thus, 


T  exp 


-^Ju_1Hc(t)U  dt 


L  0 


or.  by  expanding  the  exponential  we  get  the  various  terms 
1 


T  V‘ViV 


where 


T0  1 


T1  Ju*1Hc(t)U  dt 

-X 

[-  X  -|  r 

T 2  /  U_1Hc(t)Udt 


Since  the  differential  cross-section  da  of  Eq.  (67)  is  given  by 
da  =  2irbdb 

where  b  is  the  classical  impact  parameter,  we  can  write  for  the  cross-section  of  Eq.  (67) 


(68) 

(69) 

(70) 

(71) 

(72) 

(73) 


82 


Vrim 


.ORMEREY  WILLOW  RUN  LABOR*  TON,  tb  Thf  UNIVERSITY  CR  MIC  G»N 


a  f2-hSP(b)dli 
2  6 

wluM,  fl P(|,)  is  everything  contained  within  the  braces  of  Eq.  (67),  Making  use  of  the  approxima¬ 
tion.  Eq.  (69).  wo  see  that 

Cfib)  SP0(b)  •  .^(»>)  0j<b>  '  •  ■  <7:,) 

„  can  bo  shown  that  in  the  x.oro-th  order  ease.  flPQ( b)  0.  and  that  for  the  first  order  case  ^(h) 
is  pure  imaginary  and  hence  will  contribute  only  to  the  line  shift,  but  no,  to  the  line  width.  Thus, 
the  first  real.  non-/.cro  term  which  contributes  to  the  half  width  is.^2<b) 

„  .,  W  ,2  *2  T2  ■'  M  W  V  -M^2M-2  -I2  t  M  'i2^ 


V1  'M,2M2  *2  ''"W  ,  y1 
'  J  (2.1  1 )( 2.1 2  *  1) 

4t2 

c-iy  s.  ,]  f  M'.Vt  ,1/M  ~>  J  *L  ATM  .1 M. 

7,  (2J  •  1)(2.I,  1) 


-n 

•,MJ2M2 

T2  ’’ 

*'J2'V 

(2.1  * 

1) 

l 

<J-AT.l/»2  T'j  -JAf.ly.MyT,  JMJ^y  (76) 

The  quantities  <  I  >  are  scalar  quantities,  called  Ciobsch-Gordan  coefficients  and  represent  the 
vector  addition  of  two  angular  moments  to  give  a  resultant  angular  momentum.  Tables  exist 
which  allow  one  to  evaluate  these  quantities  for  many  values  of  angular  momenta. 

The  collision  Hamiltonian  Hc  can  be  expressed  as  the  product  of  the  spherical  ha,  monies 
y1'  of  the  internal  coordinates  of  the  two  molecules,  l.e.. 

K.K  X,  X  (77) 

H  C  ’  2Y  ’(1)Y  2(2) 

c  >,A2 

where  CK  are  constants  in  the  expansion  of  the  collision  Hamiltonian.  One  can  write  the  Intel  ac¬ 
tion  potential  for  dipole-dipole,  dipole-quadrupole,  quadrupole-quadrupole  or  for  all  possible 
multipole-multipole  interactions.  The  angular  coordinates  can  then  be  expressed  in  terms  of 
the  spherical  harmonics  and  (he  matrix  elements  evaluated.  Limiting  ourselves  to  the  first 
th  -re  multipole  Interactions,  we  get 


<f(b)  VCjb'V^fjOc,,)  *  C2b'6g2(f2(k2|)  +  C3b  8g3,f3(V 
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where  the  indices  1.  2.  and  3  refer  to  the  first  three  niultlpol?  interactions  given  above.  The 
sultscript  t  n  lers  to  tae  various  possil)le  collision  combinations.  The  g  are  functions  of  the 
Clebsch  Gordancoeflicicnts  and  are  tabultted  by  Benedict  and  Merman*  [38| .  The  functions 
f  (k  )  are  dependent  upon  the  energy  defect  of  a  particular  collision  and  are  tabulated  by  Tsao 
and  Curnutte  !37|.  Tlu  parameter  k  is  given  ny 

k»,  2  ™ 


where  AF,  and  AE2  arc  the  energy  level  spacings  between  the  transitions  made  bv  the  radiating 

and  perturbing  molecule,  respectively,  as  the  result  of  the  collision.  The  constants  C  are  ex- 

s 

pressed  in  terms  of  the  dipole  moments  ;i  and  p2  and  the  quadrupole  moments  Q  and  Q2,  i.c.: 


C.  ~ 


2  2 
2 
2 


4  "  "2 


(Tm) 


jl!L?2  4_liV 

45  (Tiu ) 2  45  (f,u)2 


1  Q2<32 

^^7 


The  approximation  used  for  these  calculations  Is  basically  the  Born  approximation,  that  is, 
one  which  holds  only  for  weak  collisions.  If,  however,  we  include  all  impact  parameters,  then 
strong  collisions  will  be  considered  for  which  the  approximation  breaks  down.  Anderson  assumed 
that  the  theory  was  valid  lor  all  b  for^b)  <  1,  that  Is,  for  all  impact  parameters  such  that  the 
radiation  does  not  have  a  complete  change  of  phase.  When  b  was  less  than  or  equal  to  bg,  a 
phase  change  of  2~  was  assumed.  Thus 

*Some  discrepancy  was  noted  in  the  gg/  factors  tabulated  In  Ref.  38.  The  authors  have 
confirmed  that  the  values  of  g,^,  ggg,  and  g,^  are  incorrect  as  they  appear  in  Ref.  38  We 
have  derived  the  following  functions  for  the  above  quantities: 

(4m4  -  m2  -  9)J2(J2  +  ^ 

3j  (4m2  I)(^-9)(2J2-l)(2J2  +  3) 

3(4m4  -  m2  -  9)J2<J2  -1) 

^36  2(4 m 2  -l)(4m2  -  9)(2J2  -1)(2J2  +  1) 

‘-'(■.m4  -  m2  -  9)(J2  +  1)(J2  +  2) 
go?  s  s 

2(4ni  -  l)(4ni  -  9)(2J2  +  1)(2J2  +  3) 
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This  equation  can  he  integrated  and  the'  result  is 


-t>: 


<  |l>0  ^  L'i ,  ’  i  V  4  C2b0  F2'k0l  4  c3h0  )  ^'3tF  3h'0 


,b;6Vc. 

/ 


b.-'Vt. 

T 


(80) 


(81) 


where  the  functions  F.(k^)  are  tabulated  [1],  and  kn  is  the  value  of  k  at  b  I)q.  The  value  bg  is 
determined  by  setting.y’fbg)  1  and  solving  Eq.  (78)  for  bQ. 


4.3.  HALF-WIDTH  CALCULATIONS 

To  calculate  the  half  widths,  one  must  use  Eq.  (65),  in  which  a  is  the  real  part  of  the  total 
cross-section  a.  This  cross-section  a  is  the  summation  of  all  cross  section;  for  the  angular 
momentum  states  of  the  perturbing  molecule  weighted  according  to  the  population  of  the  states 
of  the  perturber.l.e.: 

0  L\°j2  <82) 


and,  where  a  is  determined  from  Eqs.  (74)  and  (78).  Since  the  f  (k  ,)  are  known  functions  of 
">2  s  st 

k  ,  it  is  important  to  see  how  the  half  widths  depend  on  k  .  Now 
S'  St 


AE  +  AEg 


E  .  -  E  .  +  E  .  -  E  . 

vJ.  vJ  v2^2'  v2^2 


(83) 


or 


AE  +  AE2 


+  E 


V2  J  2  ‘ 


(84) 


One  can  illustrate  the  effect  of  the  self  broadening  of  highly  polar  molecules  by  consider¬ 
ing  the  R(l)  line  of  HF  as  shown  in  Fig.  25.  Usually,  only  one  of  the  intermediate  levels  con¬ 
tributes  to  a  significant  extent.  The  J  -  1  level  can  interact  with  the  Jj  =  0  or  the  J2  2  levels 
(dashed  arrows),  and  the  J'  =  2  level  can  interact  with  the  =  1  or  the  J2  =  3  level  (wavy 
arrows).  Here  we  include  only  dipole  interactions,  i.e.,  those  cases  in  which  AJ  =  ±1.  By  con¬ 
sidering  higher  order  terms  in  the  collision  Hamiltonian,  one  can  consider  the  quadrupole  inter¬ 
actions,  AJ  ±2,  octupole  interactions,  AJ  =  ±3,  and  all  higher  multipole  interactions.  As  an 
example,  if  AEg  AE  where  AE2  is  the  energy  difference  between  J2  =  3  and  J2  =  2,  and  AE  is 
the  energy  difference  between  J  =  2  and  J  =  0,  then  a  dlpole-quadrupole  interaction  can  occur. 
The  closer  these  levels  are  to  each  other  the  stronger  the  resonance.  Details  of  the  hard-core 
effect  are  treated  in  Section  5. 
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The  present  calculations  an.'  presented  in  Pips.  2G-29,  The  figures  show  :i  comparison  of 
measurement  and  theory  for  the  pure  rotation,  fundamental  and  first  overtone  bands  of  self- 
broadened  IIP  Figures  2fi  and  2G  give  the  fundamental  linewidths  for  hvo  temperatures,  373  K 
and  390"k  Figures  27  and  29  show  the  largest  discrepancy  between  theory  and  measurement, 
possibly  because  the  data  w<  re  tak<  n  at  lower  resolution  than  the  others,  and  because  the  pure 
rotation  data  were  obtained  it  30f<>K,  where  polvmeri/.ation  effects  might  be  significant,  Tables 
22  through  20  give  tabulated  widths  for  self -Ira  idened  widths  in  Ihe  fundamental  series:  v  0 
-  1.  1  -  2,  2  -  3.  3  -  4.  and  4  -  5.  It  is  assumed  that  the  absorber  molecules  are  in  a  bath 
of  pnrturher  molecules  maintained  at  a  t.  mporatitre  ol  373°K.  The  results  are  qualitatively 
as  one  would  expect.  For  greater  vibrational  levels  of  the  active  molecule,  the  widths  are 
smalb  i  in  general  because  of  th<  greater  resonance  delect  between  the  rotational  levels  of  the 
upper  v  states  and  tlu  rotational  1<  vcls  ol  the  perturber  molecules,  assumed  to  bo  the  v  0  state. 
Also,  as  the  defect  becomes  larger  the  influence  of  more  than  1  dipole-dipole  interaction  becomes 
greater,  as  do  the  shorter  range  forces.  This  tends  to  make  the  width  versus  m  curve  flatten  out. 
for  lines  involving  larger  v. 
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TABLE  22.  CALCULATED  HALF  WIDTHS  FOR 
HF(v  0  -  v'  1)  PERTURBED  BY  HF(v  0)  AT 
373.0  DEG  K 


Input  Constants: 


B0  20.56  Bj  19.79  B  'Perturber)  20,56 

l‘  (v  1) 

1.835E-18  ,;(v  0) 

1.819E-18 

Q(v  1) 

b  .  3 

m  i  n 

5.000E-26  Q(v  0) 

.  100E-08  cm 

5.000E-26 

Lino 

Half  Width 

Cross  Section 

(m) 

(cm'1) 

(cm  ) 

-10 

6.458068E-02 

5.900998E-15 

-9 

9.805483E-02 

1.047799E-14 

-8 

1.091869E-01 

1.166756E-14 

-7 

1.581954E-01 

1.690453E-14 

-6 

2.482012E-01 

2.652241E-14 

-5 

3.461167E-01 

3.698552E-14 

-4 

4.664320E-01 

4.984224F-14 

-3 

5.604853E-01 

5.989263E-14 

-2 

5.428386E-01 

5.800C93E-14 

-1 

4.599256E-01 

4.914697E-14 

1 

4.566365E-0 1 

4.87S5L/1E-14 

2 

5  394523E-01 

5.764508E-14 

3 

5.431765E-01 

5.804303E-14 

4 

4.536538E-01 

4.847677E-14 

5 

3.687319E-01 

3.940215E-14 

6 

2.409441E-01 

2.574693E- 14 

7 

1.558045E-01 

1.664904E-14 

8 

1 . 196923  E-0 1 

1.279015E-14 

9 

9.6 16441E-02 

1.027599E-14 

10 

6.029395E-02 

6.442922E-15 
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TABLE  23 

CALCULATED  HALF  WIDTHS  FOR 

HF(v  1  - 

v'  --  2)  PERTURBED  BY  HF(v  0)  AT 
373.0  DEG  K 

Input  Constants: 

Bj  19.79 

B,  19.03  B  (Perturbcr)  20.56 

/x(v  1,  V 

2)  1.888E-18  p(v 

0)  1.819E-18 

Q(v  1,  v  2)  5.000E-26  Q(v 

b  .  3.100E-08  cm 

min 

0)  5  000E-26 

Line 

Half  Width 

Cross  Section 

(m) 

(cm  ') 

(cm  2) 

-15 

6.056339F-02 

6 .47 17 15  E- 15 

-14 

6.608039E-02 

7. 061 256 E- 15 

-13 

7 . 197571 E-02 

7.691222E-15 

-12 

8.0306  47E-02 

P.581436E-15 

-11 

8.920157E-02 

9.531953E-15 

-10 

8.696866E-02 

9.293347E-15 

-9 

1 . 166320E-01 

1 .2‘'.6313E-14 

-8 

1.510004E-01 

1.613568E-14 

-7 

2.555299E-01 

2.730555L-14 

-6 

1.778305E-01 

1.900,,71E-14 

-5 

2.960820E-01 

3.163888E-14 

-4 

3.675299E-01 

3.927371E- 14 

-3 

4.797472E-01 

5.126507E-14 

-2 

5.206271E-01 

5.563345E-14 

-1 

4.683717E-01 

5.004951E-14 

1 

4.3821 11E-01 

4.682659E-14 

2 

4.857581E-01 

5.190739E-14 

3 

4.679816E-01 

5.000782E-14 

4 

3.856282E-01 

4 . 120766E-14 

5 

2.776271E-01 

2.966682E-14 

6 

1.886207E-01 

2.015573E-14 

7 

1.497991E-01 

1.600731E-14 

8 

1.142144E-01 

1.220479E-14 

9 

1.041594E-01 

1.113032E-14 

10 

8.753276E-02 

9.363626E-15 

11 

7.639092E-02 

8.163026E-15 

12 

7.357877E-02 

7.862519E-15 

13 

6.507319E-02 

6.953629E-15 

14 

6.1606 19E-02 

6.583147E-15 

15 

5. 900751 E-02 

6.305456E-15 
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TABU-  24 

CALCULATED  HALF  \\  IDTHS  FOR 

1 1 F  ( v  2  - 

v’  3)  PERTURBED  BY  I!F(v  0)  AT 
373.0  DEG  K 

Input  Constants: 

B2  19.03 

Bg  18.30  B  (Perturber)  20.56 

/  (v  2,  v 

1  1.931E-18  \j  (v 

0)  1.819E-I8 

Q(v  2,  v 

3)  5.000E-26  Q<\ 

0)  5.000E-26 

hmin  3.1002-08  cm 

Line 

Half  Width 

Cross  Section 

(m) 

(cm*1) 

_o 

(cm  j 

-15 

5.720191  E-02 

6.1 1 25 12  E- 15 

-14 

5.724202E-02 

6 . 1 16798  E-15 

-13 

5.61341CE-02 

5.998413E-I5 

-12 

311947E-02 

6.744859E-15 

-11 

5.885377E-02 

6  289027E-15 

-10 

6.792086E-02 

7.257924F-15 

-9 

1.166134E-01 

I.246114E-14 

-8 

9  010297E-02 

9.628274E-15 

-7 

6.380910E-02 

6.818547E-15 

-6 

1.912177E-01 

2.043324E-14 

-5 

2 . 1191 54  E-0 1 

2.264497E-14 

-4 

2.565911E-01 

2.741895E-14 

-3 

2.527246E-01 

2.700579E-14 

-2 

4.150084E-01 

4.434718E-14 

-1 

2.644687E-01 

2.826074E-14 

1 

3.669097E-01 

3 .920743E- 14 

2 

4.013655E-01 

4.288932E-14 

3 

3.466491E-01 

3.704241E-14 

4 

3.526849E-01 

3.768739E-14 

5 

1.958660E-01 

2.092995E-14 

6 

1 . 1 363 13  E-0 1 

1.214248E-14 

7 

1.258485E-01 

1.344799E-14 

8 

1.048915E  01 

1.120855E-14 

9 

7.242495E-02 

7.739225E-15 

10 

6.6P3930E-02 

7.144489E-15 

11 

5.21«043E-02 

5.576885E-15 

12 

7.083857E-02 

7.569710E-15 

13 

4.839763E-02 

5.17 1699E- 15 

14 

6.362098E-02 

6.798446E-15 

15 

6.258583E-02 

6.687830E-15 

Mill 


MjNMtRLT  WILLOW  NUN  LAHORATGWlt  S  TMt  UNlVt  WSIlr  OF  MK_  MtC*  A  N 


TABLE  25.  CALCULATED  HALF  WIDTHS  FOR 
HF(v  3  -  v*  4)  PERTURBED  BY  HF(v  0)  AT 
373.0  DEG  K 
Input  Constants: 

B„  18.30  B,  17.58  B  (Perturber)  20.56 

*2  J  0 

,  (v  3,  v  4)  1.973E-18  p(v  0)  1.819E-18 


Q(\  3,  v  4) 

5.000  E- 26  Q(v 

0)  5.000E-26 

b  .  3  100E 

mm 

-08  cm 

Line 

Half  Width 

Cross  Section 

(ni) 

(cm  1 ) 

(cm  ) 

-15 

3.660505E-02 

3.911561E-15 

-14 

4.923180E-02 

5.260837E-15 

-13 

6.160534E-02 

6.583055E-15 

-12 

7.554555E-02 

8.072692E-15 

-11 

6.648064E-02 

7. 104028E-15 

-10 

8.061868E-02 

8.614796E-15 

-9 

9.220731E-02 

9.853138E-15 

-8 

1.444248E-01 

1.543302E-14 

-7 

2. 127870E-01 

2.273810E-14 

-6 

1.467471E-01 

1.568118E-14 

-5 

1.3817 17E-01 

1  476483E-14 

-4 

1.961167E-01 

2.095674E-14 

-3 

1.385143E-01 

1.480143E-14 

-2 

2.562874E-01 

2.738650E-14 

-1 

2.081543E-01 

2.224306E-14 

1 

3.157854E-01 

3.374437E-14 

2 

3.242705E-01 

3.465106E-14 

3 

1.563498E-01 

1.670731E-14 

4 

2.428266E-01 

2.594809E-14 

5 

2.885888E-01 

3.083817E-14 

6 

1.743240E-01 

1.862800E-14 

7 

1,56 1589E-01 

1.668691E-14 

8 

1.147209E-01 

1.225891E-14 

9 

7.256985E-02 

7.754712E-15 

10 

6.383151E-02 

6.820946E-15 

11 

7.895076E-02 

8.436563E-15 

12 

4.543156E-02 

4.854749E-15 

13 

7.631880E-02 

8.155318E-15 

14 

5.062404E-02 

5.409610E-15 

15 

4.792231E-02 

5.120907E-15 
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TABLE  26. 

rof?HEPi_v  billow  pun  i  »flnp*to»iF« 

CALCULATED  HALF  WIDTHS  FOR 

HF(v  4  - 

v'  5)  PERTURBED  BY  HF(v  =  0)  AT 
373.0  DEG  K 

Input  Constants: 

B4  17.58 

B  16.88  B  (Perturber)  20.56 

li (v  4,  v 

5)  2.012E-18  fi(v 

0)  1.819E-18 

Q(v  4,  v 

5)  5.000E-26  Q(v 

=  0)  -  5.000E-26 

b  .  3  100E-08  cm 

nun 

Line 

Half  Width 

Cross  Section 

(m) 

(cm  S 

(cm  “*) 

-15 

5  034 163E-02 

5.379432E-15 

-14 

5.535909F-02 

5.915590E-15 

-13 

7.61 1 191E-02 

8.133210E-15 

-12 

7.832700E-02 

8.369912E-15 

-11 

4.893632E-02 

5.229263E-15 

-10 

5 . 1 157 12E-02 

5.466574E-15 

-9 

1.139505E-01 

1 . 2 17658  E  - 14 

-8 

1.190719E-01 

1.272385E-14 

-7 

2.561160E-01 

2.736818E-14 

-6 

2.717257E-01 

2.903620E-14 

-5 

2. 175332E-01 

2.324527E-14 

-4 

2.013538E-01 

2.151637E- 14 

-3 

9. 152400E-02 

9.780124E-15 

-2 

2.802700E-01 

2.994924E-14 

-1 

2.122521E-01 

2.268095E-14 

1 

2.998384E-01 

3.204029E-14 

2 

2.800925E-01 

2.993028E-14 

3 

2.623007E-01 

2.802907E-14 

4 

2.671228E-01 

2.854435E-14 

5 

3.556556E-01 

3.800483E-14 

6 

1.493846E-01 

1.596302E-14 

7 

2.021505E-01 

2.160150E-14 

8 

1. 609575 E-01 

1.719968E-14 

9 

7.349074E-02 

7.853114E-15 

10 

7.011849E-02 

7.492762E-15 

11 

6.331491E-02 

6.765740E-15 

12 

5.155549E-02 

5 .509 143E- 15 

13 

6.930453E-02 

7.405782E-15 

14 

6.410170E-02 

6.849817E-15 

15 

5.575894E-02 

5.958318E-15 
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2pi 


5 

MEASUREMENTS  OF  INTENSITIES  AND  WIDTHS  IN  THE  SECOND  OVERTONE  OF  HF* 

(R.  L.  Spollicy,  R.  E.  Meredith,  and  F.  G.  Smith) 

Collision -broadened  molecular  vibration-rotation  line  parameters  continue  to  be  of  im¬ 
portance  for  a  variety  of  applications.  For  example,  strength  and  width  parameters  are  re¬ 
quired  for  analytical  predictions  of  radiative  transfer  within  complex  gaseous  mixtures.  Also, 
the  electric  dipole  matrix  element  of  a  molecular  transition  may  be  determined  from  line  Mrengths 
measured  by  absorption  spectroscopy,  and  the  electric  dipole  moment  function  may  be  empirically 
modeled  by  means  of  the  matrix  elements  [41,  43,  44  |.  Determination  of  the  dipole  moment  per¬ 
mits  the  calculation  of  radiative  lifetimes  and  absorption  strengths  of  lines  not  measurable  in  the 
laboratory,  e  g.,  fundan  vital  and  overtone  vibration-rotation  lines  involving  levels  for  which 
v  0,  and  for  which  J  is  not  sufficiently  populated  to  permit  observation.  Collision-broadened 
line  half  widths  supply  information  about  molecular  collision  processes  particularly  with  regard 
to  the  validity  of  collision  broadening  and  collision-deactivation  theories.  Also,  measured  line 
half  widths  may  yield  molecular  electric  multipole  parameters  of  the  active  specie  and  its  col¬ 
lision  partners. 

In  the  present  investigation,  line  strengths  and  self -broadened  half  widths  in  the  second  over¬ 
tone  band  of  hydrogen  fluoride  have  been  measured.  The  primary  motivation  of  the  investigation 
was  to  obtain  a  better  definition  of  the  HF  dipole  moment  [1]  for  the  calculation  of  radiative  life¬ 
times  of  vibration-rotation  lines  lying  well  above  the  ground  state.  These  lifetimes  must  be  known 
for  an  understanding  of  HF  chemical  laser  performance  as  well  as  for  other  applications  for  which 
radiative  strengths  of  excited  HF  are  required. 

5.1.  MATRIX  ELEMENT  CALCULATIONS 

The  connection  between  the  strength  of  a  vibration- rotation  spectral  absorption  line  and 
its  electric  dipole  matrix  element  for  a  diatomic  molecule  is 

8tt3  im \i>'  exp  [-G(v,  J)r^"|i<v\7’lMr)|vJ>|2 
Sv>(m)= - ShckTz  J - *  10135  *  10  (85) 


•Contract  No.  DAHC-15-67-C-0062  supported  previous  work  in  chemical  laser  studies  at 
the  Willow  Run  Laboratories.  Part  of  this  effort  involved  the  measurement  of  line  strengths, 
and  hence,  matrix  elements  in  the  v  =  0  -  v’  =  3  vibration-rotation  band  of  HF.  This  work  was 
not  reported  under  the  previous  contract  and  is  therefore  described  here. 
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The  matrix  element  <v'J  /i(r)  vJ^  is  given  by  the  expression 


<v'J'  / .  ( r )  .  v-.I"  1 


■k 


,  ,/j(r)C-  Tr2dr 

fd  V  ,  J 


(86) 


where  S  line  strength  (atm-cm^)-* 

e'  wove  number  of  the  transition 
/.  vibration-rotation  partition  function 
G(  ,  .1)  term  value  of  lower  level 
k  Boltzmann's  constant 
T  temperature  (deg  K) 

/  (r)  radial  electric  dipole  moment  function 
m  -.1  for  P  branch:  *J'  for  R  branch 

Pie  matrix  elements  are  functions  of  the  internuclear  potential  through  the  wavefunction 
*-(r),  and  they  are  functions  of  the  form  of  the  electric  dipole  moment  /i(r).  The  most  com¬ 
monly  used  function  /  (r)  is  the  truncated  polynomial  expansion  p(np): 


/.(up)  )  (r  -  r  )" 

/  .  n  o 

n 


(87) 


The  matrix  elements  i<v\J'l/  (r)lv.r*  may  be  determined  from  individual  line  strengths 
S(m)  from  Kq.  (85).  Tlie  line  strengths  may  be  obtained  from  the  measured  absorption  coefficient 
of  the  transition  K(e)  through  the  relationship: 

S(m)  =  i  J  K(i>  )d;>'  (88) 

line 


where  P  Is  the  pressure  or  the  absorbing  gas.  On  the  other  hand,  the  matrix  elements  (and  hence 
the  line  strengths)  may  be  calculated  if  the  polynomial  coefficients  for  the  dipole  moment  M 
and  the  wavefunciions  ^  are  known  [lj. 


In  the  present  investigation,  the  parameters  M  have  been  determined  from  line-strength 
measurements  in  various  overtone  bands  through  simultaneous  solution  of  equations  of  the 
form- 


«•  *- 


♦  - 


v 

max 

<vlp(r)|0>  =  Y'  M  fWr-r  )Vnr2dr  for  v  =  0.  1  .  .  .  v 

i—i  t  J  v  e  u  max 

i=0 


(89) 
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where  v  is  the  upper  vibrational  quantum  number  of  the  highest  overtone  measurement 
available.  The  matrix  elements  have  been  calculated  by  numei  ical  integration  of  Eq  (86).  We 
obtained  wavefunctions  C*  ;  by  solving  Schrodinger 's  equation  using  finite  difference  equations. 
Thi  RKH  potential  function,  including  the  vibration-rotation  interaction  term  .T(J  +  1)  r  ,  was 
used. 


6.2.  LINE-WIDTH  CALCULATIONS 

The  Anderson  theory  has  been  used  with  considerable  success  to  calculate  self-broadened 
half  widths  of  spectral  lines  of  simple  molecules  |3,  38,  41 1.  In  this  theory,  the  half  width  (y) 
is  related  to  the  real  part  of  the  total  cross  section  (a)  through  the  relation: 


■>  ( m ) 


Nu  o 
2c  7! 


(90) 


where  u  is  the  mean  relative  collision  velocity  and  N  is  the  number  density  at  one  atmosphere 
and  at  temperature  T.  The  cross  section  is  written  as  the  statistical  average  of  the  partial 
cross  sections  of  each  rotational  state  (.^ )  of  the  perturbing  molecule: 


(91) 


where  g  is  the  degeneracy  of  the  perturbing  state.  The  partial  cross  sections  are  In  turn  re¬ 
lated  to  the  impact  parameters  bMj)  and  ^(b)  which  contain  the  details  of  the  collision  through 
the  relationship 
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X) 

=  2  |  )b  db 
0 


(92) 


In  what  follows,  the  functional  dependence  of  b(J2)  on  J2  will  not  be  discussed  in  the  interest 
of  brevity. 

The  collision  amplitude  £?($)  may  be  expressed  in  terms  of  multipole  Interactions  for  b  >  0 


gS|fS  (k8«) 


(93) 
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s  1,  2,  and  3  represent  the  dipole-dipole,  dipole-quadrupole,  and  quadrupole-quadrupole  contr 

but  ions,  respectively.  The  subscript  I  refers  to  the  various  collision  combinations.  The  g^  ( 

are  products  of  Clebsch-Gordan  coefficients,  and  the  fg(k)  are  resonance  factors  [37,  38)  The 

parameter  k  is  essentially  the  dimensionless  energy  defect  of  a  near  resonant  collision.  The 

coefficients  C  and  the  parameter  k  are  as  follows: 
s  1 


V  ' 

0 

9E? 


1  -15 


2  2 
1  i)S 


-2J 


(flu) 


f  *1 
1  i_Q__ 

23.,  2 

dml 


2-cb 

4s,i  u 


M:  -  iK, 


S.l 


(!)•!) 


For  polar  rn'»i 


«o  as  UT,  Anderson's  appro:dmation  No.  2  |3|  is  appropriate: 


!?( b)  1  for  .1  l)Q 
^(b)  <  1  for  b  >  bp 


(or,) 


Integration  of  Eq.  (92)  then  gives 


<  *  J 


’C  bZ2sg  f  (k„) 
.  s  0  ^si  s  0 


l,s 


(96) 


where  kQ  is  the  ksf  evaluated  at  b(J2>  =  b0(J2),  and  where  Eq.  (95)  has  been  applied  to  Eq.  (93) 
to  determine  bQ(J2). 

In  practice,  Fq  (9fi)  can  be  used  onlv  for  coll'ston  partners  .T2  for  which  the  long  range 
forces  dominate.  If  this  is  not  the  case,  bQ  must  be  determined  empirically,  or  a  model  such 
as  the  resonant  dipole  billiard  ball  model  must  be  used  [45]. 
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b  3.  EXPERIMENTAL  PROCEDURE 
5.3.1  BACKGROUND 

Measurements  wore  |icrform«l  with  a  3-m  focal  length  Ebert  spectrometer  constructed 
In  H.  W  Marshall  |46|.  A  600  groove  mm  Bausch  and  Lomb  replica  grating  blazed  at  1.6  p m 

was  used  in  second  order,  double  passed,  An  average  spectral  resolution  of  0  07  cm'1  across 
the  second  overtone  band  of  UF  was  obtained. 

We  arid,  ved  wavelength  calibration  using  the  HF  lines  themselves  since  accural,  lim  posi 
turns  are  well  known  (39,  47  J  Resolution  checks  were  made  with  Krypton  and  Xen  m  Oissler 
tube  emission  lines. 


Det,  rmination  of  scattered  light  is  particularly  difficult  in  this  spectral  region  (11,300  cm' 
since  molecular  absorption  strengths  are  too  weak  to  permit  observation  of  opaque  line’s  without 
\(  rv  long  p-  Hi  lengths  The  required  extinction  can  be  obtained  from  a  0.00  molar  concentra¬ 
tion  o,  Ne, id v nmi m  (.31  in  a  I -normal  solution  of  nitric  acid.  Although  the  absorption  lines  of 
Nd  are  broad,  tlu  strongest  of  the  lines  could  be  made  sufficiently  opaque  while  leaving  sul - 
i""'  u,IK|nu  "■•"wmiiiaiK-e.  Scattered  light  determined  with  this  method  was  less  than  I- 

A  silicon  photovoltaic  detector,  cooled  to  -70°C,  was  used  for  all  m,  as, Moments,  Light 
'torn  a  1000-W  quartz  Iodine  source  was  modulated  at  00  (I/,  and  the  signal  was  amplified  t.y 
•'  I’l  'nceion  Applied  Research  C  orporation  lock-ln  amplifier,  Model  ||RH  and  was  displayed  on 
a  I  reds  and  Nortiirnp  chart  recorder 


An  absorption  cell  having  an  optical  path  length  of  33  cm  was  used  for  all  measurements. 
The  cell  was  constructed  of  monel  with  sapphire  windows  and  had  a  design  identical  to  that 
reported  In  Re  J 1 1 1.  The  gas  handling  system  was  also  similar  to  that  described  In  Ref  \<\  \  | 
lhc  cell,  gas  manifold,  and  a  Teledyne  pressure  transducer  were  maintained  at  100°C  while 
the  cell  was  filled  with  HF,  and,  during  the  measurements,  the  cell  was  immersed  in  a  hath  of 


gently  bulling  water.  These  and  other  gas-handling  precautions  were  used  to  avoid  the  effects 
of  polymerization  of  HF  at  room  temperature,  the  absorption  of  HF  by  the  cell  walls,  and  the 
reaction  of  HF  with  exposed  metal  surfaces. 


Observed  line  wldihs,  peak  values  of  absorption  coefficients,  and  Integrated  absorption 
coefficients  were  taken  directly  from  the  chart  recorder  and  corrected  by  the  dirert  measure¬ 
ment  method.  The  entire  procedure  was  the  same  as  described  In  an  earlier  publication  (23 1. 


5.3.2.  EXPERIMENTAL  STRENGTHS,  WIDTHS,  AND  MATRIX  ELEMENTS 
Line  strengths,  widths,  and  peak  absorption  coeiftctents  were  determined  by  direct  mea¬ 
surement  with  the  use  of  correction  factors  tabulated  in  Ref.  (23).  Table  27  shows  the  corrected 
values  for  pressures  of  0.932  atm  and  0.467  atm.  We  obtained  dtpole  moment  matrix  elements 
by  averaging  the  measured  strengths  and  using  Eq.  (85). 
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TABLE  27.  MEASURED  LINE  PARAMETERS 


anuter  (0.4G7  atm)  ii>.932  atm) 


s 

- 

0.0175 

p 

- 

0.430 

KP 

- 

0.0127 

S 

0.0237 

0.0232 

P 

0.503 

0.502 

KP 

0.0149 

0.0144 

S 

0.0245 

0.0235 

P 

0.5  00 

0.509 

KP 

0.0154 

0.0140 

S 

0.0104 

0.0104 

7  P 

0.447 

0.488 

KP 

0.0110 

0.0107 

S 

0.0193 

0.0188 

7  P 

0.397 

0.430 

KP 

0.0154 

0.0139 

S 

0.0327 

0.0310 

7  P 

0.443 

0.427 

KP 

0.0234 

0.0231 

S 

0.0353 

0.0308 

7  P 

0.453 

0.400 

KP 

0.0248 

0.0245 

S 

0.0287 

0.0299 

7  P 

0.412 

0.434 

KP 

0.0222 

0.0219 

S 

0.0188 

0.0159 

y,  p 

0.331 

0.295 

KP 

0.0182 

0.0172 

s 

y,  P 

0.254 

0.256 

KP 

0.0124 

0.0127 

S 

9.0039 

y/P 

0  164 

0.167 

KP 

0.0074 

0.0072 
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Since  hand-strength  measurements  determine  only  the  square  of  the  rolationless  matrix 
elements  (Table  28),  the  m  dependence  of  the  matrix  elements  must  be  used  to  remove  the  sign 
ambiguity.  'Ibis  is  feasible  in  the  case  of  1IF  since  its  vibration-rotation  interaction  is  quite 
large  Hie  signs  determined  in  this  manner  are  listed  in  Table  29  along  with  the  present  value 
of  ■  3  ,  (r)  0"  ^  Hint  the  preferred  dipole  moment  coefficients  of  p( 3P).  The  correctness  of 

this  choice  of  sign  is  Indicated  in  Fig,  30,  where  we  compared  the  experimental  matrix  elements 
with  calculations  using  both  the  preferred  /  (3P)  and  that  based  on  the  negative  matrix  element. 

U  <  computed  the  wavefunclions  used  in  the  calculations  numerically,  using  the  RKR  potential 
tabulated  in  Ret  jl  1  This  potential  was  calculated  with  a  program  written  by  Zare  1 1 1 1  using 
the  spertro  >pic  data  of  Johns  and  Barrow  (48 j  as  input. 

\  comparison  of  tne  obsei'md  and  calculated  half  widths  is  shown  in  Fig.  31.  Listed  also 
are  the  dipole  and  quadrupole  moments  used  in  the  calculations.  For  the  radiating  molecule,  p 
was  taken  as  a  weighted  average  between  its  v  0  and  v  3  values  while  the  v  0  dipole  moment 
was  used  f  >r  the  perturbing  molecule.  The  same  quadrupole  moment  was  used  in  both  cases.  The 
lower  curve  show  s  the  widths  obtained  from  Kq.  (89)  when  only  dipole-dipole  contributions  were 
considered.  The  upper  curve  includes  contributions  through  quadrupole-quadrupole.  T*  e  com¬ 
parison  is  quite  good,  indicating  that  the  theory  properly  accounts  for  the  energy  defeats.  As 
predicted  by  th»  theory  and  verified  with  the  fundamental  band  and  first  overtone  band  of  HF  |41 1, 
the  R-hranch  lines  are  narrower  than  the  correspond  P-branch  lines  for  small  |m|,  and  the 
line  widths  decrease  progressively  with  increasing  Av.  The  tendency  of  the  calculated  values  to 
lie  below  the  experimental  curve  is  not  unexpected,  since  forces  of  shorter  range  than  quadrupole 
have  not  been  explicitly  accounted  for 

Hie  m  dependence  of  the  line  widths  arises  from  "  e  product  of  the  J^-dopendent  collision 
cross  section  and  the  Boltzmann  factor.  Tills  Is  shown  in  Ftgs.  32  and  33.  Figure  32  depicts 
the  case  In  which  the  spectral  line  tuvolves  energy  levels  near  the  Boltzmann  maximum  The 
Boltzmann  distribution  for  the  v  0  levels  of  the  colliding  molecule  and  the  partial  cross  sec¬ 
tions  contributed  by  the  J2  states  are  shown  The  contributions  for  m  *2  and  m  -2  are  not 
identical  and  the  Boltzmann  distribution  is  more  fnvnrable  for  tv  P-branch  line,  causing  It  to 
be  broader  than  the  corresponding  R-branch  line. 

Figure  33  describes  the  case  of  lines  with  energy  levels  fur  from  the  Boltzmann  maximum 
The  partial  cross  sections  for  the  two  branches  are  more  comparable  In  this  case,  and  the 
Boltzmann  distribution  does  not  favor  either  branch.  The  resonant  and  near-resonant  terms 
are  eliminated  by  the  Boltzmann  factor  and  the  dominant  contributions  are  now  the  off-resonant 
terms,  These  terms  are  nearly  equal  and  tend  to  a  constant  value  ns  the  energy  defect  AE  In¬ 
creases.  This  condition  produces  nearly  equal  half  widths  for  the  P  and  R  branches  for  large 
I  ml.  This  is  essentially  the  assumption  of  the  resonant  dipole  billiard  ball  model  (RDBBM)  [45  J 
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TABLE  28.  EXPERIMENTAL 
MATRIX  ELEMENTS 

v'.T  p(r)  vJ  ■ 

f'Xp 


(esu  -cm) 


P(4) 

1.738 

P(3) 

1.677 

P(  2) 

1.642 

P(D 

1.639 

R(0) 

1.623 

R(I ) 

1.613 

R(2) 

1.563 

R(3) 

1.615 

R(4) 

1.528 

R(5) 

1.574 

R(6) 

1.554 

t 


4 


4 


TABLE  29.  DIPOLE  MOMENT  PARAMETERS 
AND  EXPERIMENTAL  MATRIX  ELEMENTS 


(a)  (rc 

0.91717  A) 

(rUp)] 

[M(2p)l 

[p(3p>] 

Mo 

1.819 

1.819 

1.819 

1.494 

1.511 

1.522 

M 

- 

-0.286 

-0.136 

- 

- 

-1.314 

<0  /i(r)l0>exp  «  1.8W+;  10  csu-cm 
<llp(r)|0>CXp  =  9.850  x  10  ^  esu  cm^^ 
<2lfi(r)l0>exp  =  -1.253  x  10'20  esu-cm(3) 
+<  3 1  (r) 1 0>exp  =  +1.628  x  10  2*  csu-cm 
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Vrjm 


and  is  in  agreement  with  measured  second  overtone  half  widths.  If  it  is  assumed  that  the  con¬ 
stant  value  of  the  cross  section  is  given  by  cKJj)  ^min’  c:,'cu^'*'ons  Prr>dict  11  v:1'UP 

I,  5  6  10’°  cm.  This  compares  well  with  the  half  widths  reported  in  Ref.  [41 1. 

m  in 

The  contributions  of  the  higher  order  te  s  (dipole-quadrupole,  quadrupole-quadrupole) 
may  be  inferno  from  Fig  31.  Although  tin  terms  are  not  as  large  as  the  resonant  or  near- 
resonant  dipole  terms,  they  become  increasingly  significant  as  the  stronger  terms  move  into 
tlie  wings  of  the  Rolt/mann  distribution  Figure  34  clarifies  this  by  showing  the  partial  cross 
sections  calculated  from  dipole-dipole  interactions  alone  and  those  calculated  from  all  inter¬ 
actions  through  quadrupole-quadrupole.  The  increase  in  u(l),  it (2),  u(3),  and  i(4l  lesulling 
from  the  higher  order  t<  vms  significantly  alters  the  calculated  half  widths  since  these  levels 
are  heavily  weighted  by  the  Rolt/mann  factor. 

3.4  CONCLUSIONS 

I'Ih  investigation  reported  here  confirms  earlier  indications  that  we  can  reliable  predict 
self-broadened,  spectral  line  widths  with  theories  Ike  Anderson's  using  long  range  multipolar 
molecular  interactions.  Although  the  HF  molecule  represents  the  extreme  case  of  small  mo¬ 
ment  of  inertia  and  large  dipole  moment,  the  pronounced  agreement  between  theory  and  experi¬ 
ment  Indicates  that  line  widths  mav  be  calculated  accurately  if  proper  account  Is  taken  of  non 
resonant  effects.  It  is  also  confirmed  that  the  effects  of  vibration-rotation  interaction  diminish 
with  increasing  Av,  in  agreement  with  theory 


»  «  • 
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Appendix  i 

Tin  ,  quntions  governing  the  interaction  of  pis  molecules  with  radiation  by  means  of  the 
pn.ci  ssc  s  de  scrilx  d  by  the  Einste  in  coefficients  for  spontaneous  emission  and  stimulated  absorp¬ 
tion  and  emission  can  lie  developed  in  the  following  way. 

Consider  front  the  standpoint  of  hydrodynamics,  a  volume  (V)  fixed  in  space  with  boundary 
surface1  V  let  us  assume  that  this  volume  contains  molecules  in  two  states  only  and  that  Doppler 
broadening  is  the  etnlv  broade  ning  mechanism.  The  numlie'r  density  of  molecules  in  the  uppci 
st  ate  is  n  ,  and  of  those  in  the  lower  state  ty  Because  of  Doppler  b  a  eing,  only  a  certain 

I  net  ton  of  file  molecules,  name-ly  n  de  and  n  de  are  capable  of  absorbing  or  emitting  at  any 

ue  'e 

nm  Ircquenrv  e.  Consider  also  a  density  of  photons,  p^  at  or  near  a  frequency  e  entering  and 
I.  mil  ■  that  volume  and  travelling  between  directions  11  and  11  *  dH.  where,  k^  is  a  unit  vector 
,n  the  '  tin  (  turn.  The  net  time  rate*  of  change  In  ph  itons  within  that  volume  is  given  hy  the 
lust  term  on  I  he  hit  hand  side  of  the  following  c  nitlon: 


,  |  (P  ,,diMlii)dV  ♦  c  Jlp^  ^dedSlJk^-rdA 
V  A 


(K,a 
\  (,t  , 


EA 


dV 


(97) 


I  h.  ri  malnder  of  the  linns  account  for  the  means  by  which  photons  vHhin  the  volume  arc 
lined  or  lost  Tin-  second  term  accounts  for  the  change  In  p(/  ^  by  the  n  ....  it’ outward 

llux  ol  photons  'Die  elemental  area  dA  has  the  outward  normal  f .  The  right  ha  iu  side  is  a 

sourei  ti-i  m  und  dp  ill  Is  the  rate  of  creation  and  loss  of  photons  resulting  from  the 
V  ',,W  KA 

processes  deserllied  by  the  Elusleln  coefficients 


ilp 


i,W 

til 


EA 


n  A^j 

-J_«|»de  ucBufdnde-  n^p^cB^dSldi/ 


(98) 


form  of  dp  ,,/dl)  Is  determined  by  the  definition  of  the  Einstein  coefficients  (see 

ftir  exit  tuple,  Itef.  49)  where  Auf  is  the  coefficient  for  spontaneous  emission,  and  A^At  is  the 
'lirnlMlttllly  trial  a  molccule^n  the  upper*dUte  will  spontaneously  #mlVr  photon  in  any  direction 
In  time  Al;  ligand  U, u  are  the  coefficients  for  stimulated  emission  and  absorption  respectively; 
II  (li  At  Is  the  pro’jablllty  that  a  molecule  In  the  upper  state  will  emit  a  photon  by  stimulated 
emission  In  time  At  when  subjected  to  an  Incident  spectral  photon  radiance  of  Ly  This  photon 
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«N1  he  in  phase  wiih  and  in  ihe  same  direction  as  iho  Inciden,  phoiop.  A  similar  definition 
holds  for  II, e  absorption  of  a  photon  Itecanse  of  II, e  stimulated  absorption  coefficient  B,u 

rh,  molecular  number  densiiies  will,!,,  ihe  volume  also  change  hecause  of  ,he  absorpilon 
and  ,  n„s»,o„  of  pholons.  T„e  number  densiiy  of  molecules  capable  of  enduing  a,  frequency  e 
,s  „u  dr,  where  is  a  sperlral  number  densiiy  having  a  frequency  dislrll„,,i„„  idenlical  to 

the  Shape  of  He  absorpliou  coefficient  for  a  Doppler  broadened  lino.  I,  is  assumed  acre  ,1,  „ 
colli  sional  broadening  Is  no,  Important.  an  assumpiion  which  is  eerlainly  reasonable  a,  ihe  low 
cell  pressures  considered  for  .his  program.  Assuming  „,a,  ,l,e  no,  flow  modules  across 

Ihe  surface  of  Ihe  volume  Is  negligible,  Ihe  equa.io,,  for  Ihe  ehnngc  in  molecul . . umber  densi- 

tics  can  ho  written 

<IV  J  "u  Auftl"dv-  I  i'u  d,  nu(  -  de'm 

v  V  i/o  i'  '  i< 


fu 


dSJ  dV 


(90) 


The  firs,  term  on  the  right  hand  side  is  the  gain  of  molecules  in  s.nte  f  cap;, hie  of  absorbing 
Itetween  e  and  v  .  de,  because  of  spontaneous  emission  The  second  term  Is  Ihe  gain  and  loss 

°f  m0ll‘CUl°S  iM  S,aU‘  '  ',0CaUse  of  s^n,ula,»'d  emission  anl  absorption  Roth  these  terms  in¬ 
volve  integration  over  all  directions  to  account  for  nil  changes  in  nf.  The  order  of  the  integra¬ 
tions  over  solid  angle  and  e  in  the  right  hand  side  of  Eq.  (99)  can  be  inverted  and  the  time  doriv- 
attve  on  the  left  hand  side  can  he  brought  inside  the  integrals.  Since  all  terms  are  to  he  Integrated 
over  v  and  V,  the  Integrals  can  he  dropped  so  that 


3t 


fpi',nc 

- 

nu  Buf  -  "f  Dfu 

4n 

1'  1' 

dn 


(100) 


The  Integral  over  solid  angle  Is  really  a  two-dimensional  integration. 

Similar  simplifications  can  be  made  ,o  Eq  (98).  The  term  representing  phoiou  flux  through 

r,Tr,he  V°'Ume  be  ,r,0S'°rmed  <°  ™  over  volume  by  Gauss’  ibeoren, 

so  that  Eq.  (98)  becomes 


9t  f(\ndl/)dndV  +  cfen'v(pl/,ndl'dn)dv  =  /(^ 


dV 


EA 


Again,  the  integrals  can  be  dropped  so  that  Eq.  (98)  reduces  to 

-  nutAif 

t  +  ckn*%n  =  ~fe-  +  ^,nc(nu^uf  -  nf^,uj 
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Thus,  Eqs  (100)  and  (101)  form  two  partial  differential  equations  in  the  three  unknowns,  p 

*  nu  '  ^u'  equation  is  the  molecular  conservation  equation 

v  i' 

nu  *  nf  N  (102) 

where  N  is  a  known  function  of  position  If  no  interaction  between  the  photon  fieid  and  transla¬ 
tional  enel  occurs,  then 

"u  *u(  N„  003) 


where  N  is  a  known  function  of  position  and  has  the  characteristic  Doppler  variation  with  fre¬ 
quency.  The  quantities  ny  ,  nf  ,  and  N  can  also  vary  with  direction,  since  the  exist,  nee  of  a 

nonlsotropic  photon  field  having  an  arbitrary  spectral  shape  could  produce  different  spectral 

profiles  in  nf  and  n^  indifferent  directions  The  constraint  on  such  variations  must  he  such 

r  i» 

that  the  number  density  at  any  position  and  time,  integrated  over  all  frequencies  must  he  the 
same  from  ail  directions,  i  e., 

jnf  (r,  t,  P.,  e)dr  nf(r,  t) 

J  (/ 


and  similarly 


(r,  t,  D,  i')de  nu(r,  t) 


(104) 


In  other  words,  nf  and  nu  cannot  be  functions  of  U. 

Equation  (101)  yields  the  blackbody  photon  density  when  thermodynamic  equilibrium  is 
assumed.  This  can  be  seen  by  inserting  the  relationship  between  Auf,  Buf,  and  Bfu  and  noting 
that  at  equilibrium  Op  R/0t  =  VP„  n  =  0>  7116  relatlonship  between  Auf,  Buf,  and  Bfu  are 
given  by  Eq.  (36).  At  equilibrium,  the  relationship  between  ny  r.nd  must  be 


nf 

u 


n  g 

u  &u  _ 

—  =  —  exp 

n( 


(105) 


where  gu  and  gf  are  the  statistical  weights  of  the  upper  and  lower  levels  respectively  and 
is  the  energy  difference  between  the  two  levels  and  is  equal  to  hu;  h  is  Planck’s  constant. 
Substituting  these  relationships  into  Eq.  (101)  yields 
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Vrim 


(106) 


the  blackbody  spectral  photon  density  per  unit  solid  angle. 

if  all  photons  of  interest  .re  traveling  in  one  direction  only,  and  the  ambient  radiation  can  be 
ignored,  and  if  spontaneous  emission  is  ignored,  then  Eqs.  (100)  and  (101)  can  be  reduced  to  the 
laser  amplifier  equations: 


< 'p 

v 

rt 


-t 


=  p  c  n 
v  u 


fn,  f)n 

t  n  / 

TT'-pr^Wu  Bufnf  Bfu) 

'  V  V  f 


(107) 


In  'he  case  of  a  simple  laser  amplifier,  the  radiation  of  interest  comes  from  one  transition 
only,  so  that  the  two-level  picture  above  is  sufficient.  However,  when  fluorescence  and  radia¬ 
tive  relaxation  are  to  be  considered,  many  different  transitions  and  states  participate  in  the 
relax.. tion  process.  Thus,  it  is  necessary  to  consider  a  photon-density  conservation  equation 
like  (101)  for  each  transition  involved.  There  must  also  be  an  equation  like  (100)  for  each  of 
the  states  involved.  Since  each  state  can  gain  or  lose  molecules  by  several  transitions,  e.g., 
pure  rotation,  P-branch  and  R-branch  transitions,  terms  must  be  added  to  the  right  hand  side 
of  c-ach  o''  these  equations  for  each  of  the  possible  transitions  in  which  that  state  participates. 

The  resulting  equations  contain  such  a  large  number  of  terms  that  it  is  not  practical  to 
solve  them,  even  by  numerical  means.  Even  a  general  solution  to  the  two-level  case  is  com¬ 
plex  b’cause  of  the  large  number  of  dependent  variables  involved  (three  position  variables,  two 
direction  variables,  time,  and  frequency).  However,  as  has  been  noted,  it  will  be  necessary  to 
assess  the  effects  of  radiative  rotational  relaxation  by  stimulated  emission.  This  assessment 
necessitates  the  solution  of  these  equations  for  some  simplified  case  and  will  be  attempted 
during  the  second  half  of  the  contract  period. 
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Appendix  II 

The  detailed  results  of  the  matrix  element  calculations  for  HC1  are  included  in  this  appendix. 
The  matrix  elements  used  to  determine  the  dipole  moment  function  were: 

-  1  ft 

<0|p(r)  .O'*  1.10847  x  10  esu-cm 

<1  lp(r)10'>  ■  7.12  x  10  esu-cm 

<2|p(r)i0>  =  -7.75  x  10  ^  esu-cm 
-22 

<3  I p(r)  j0^  =  5.15  x  10  esu-cm 

The  d  <  moment  coefficients  determined  from  these  matrix  e  •~?nts  are: 

Mn  =  1.0935  ±  0.0007  x  10'lc  esu-cm 

u  “10 
M-  -  0.947  ±  0.023  x  10  esu-cm/cm 

1  “2  2 

M9  =  0.015  ±  0.041  x  10  esu-cnvcm 

“  c  o 

Mg  =  -0.814  ±  0.116  x  10  esu-cm,  cm 

Tlie  first  three  pages  of  tabulated  values  lists  the  rotationless  matrix  elements  computed,  the 
corresponding  Einstein  A's  and  the  computed  band  positions.  The  following  pages  list  the  rota¬ 
tion  dependent  matrix  elements  and  Einstein  A's.  The  transitions  covered  in  the  tabulation  in¬ 
clude  vibrational  transitions  for  which  0  <  Ar  s  5  for  all  vibrational  levels  between  0  and  12. 

All  rotational  states  between  0  and  35  are  included. 

Tabulated  values  for  transitions  involving  vibrational  states  substantially  greater  than  3 
should  be  used  witli  caution,  however.  Such  transitions  represent  extrapolation  of  the  polynomial 
dipole  moment  function  to  internuclear  distances  beyond  those  distances  represented  by  available 
experimental  measurements  and  hence  are  subject  to  unknown  inaccuracies.  The  tabulated  values 
for  transitions  involving  v  >  5  states  exhibit  unusual  and  unexplained  variations  with  rotational 
quantum  number  J.  These  variations  cannot  be  defended  because  of  this  extrapolation  and  should 
be  treated  with  some  skepticism. 
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4. 4029E-0' 

2.9  l  C7C_->1 

4.4300c-01 

7.F.4S7F-71 

4 . 6  4°4  c -0 1 

7.4  TpE-F-’l 

4. 7c?^f-01 

?,<’  Tor  -->i 

4.071 1F-01 

4 . 374ft  p-ni 

°1‘  F 

4.  7  744T-C1 

?.  ?T44c_?, 

8.39109-01 

’.7’C?F-7] 

4. S447F-01 

? .  B  7  7«  r  _7  ] 

4.71464-0’ 

P.a’fiep.i i 

s.flciAr-oi 

?.  mhf.?! 

4  •  09045-01 

7,Ooq7r-71 

A. 27624-01 

7 , 7  4  07  r  _7| 

6  •  4PI  3  F-01 

7.” 

6.F,C40F_01 

1.1 7PQC_?1 

.  *7  1  76F-01 

7.74 r op-7 l 

7.1 5?A  C-01 

7.77  74  C  _  7  ] 

7. 7<J4OF-01 

3 .7  D04r_7  1 

7.64144  -0  t 

7.4  o  1CP-71 

7.Q17yF_01 

’ .*  460c-’l 

9.  1  O44F-01 

7 .64460-21 

9. 4P34  F-01 

7.74  C5F -  7 1 

«. 7P43E-01 

7.O4O0C-71 

9. 0C77F_01 

7.94  pr_7l 

9.42’ 75-01 

4.0«C7F_?i 

9.  7606  F-01 

4.1 ?74F -7 1 

1. 01119  01 

A.?077r-71 

1.C474F  00 

a^n  Fvor.iPs  <=09  v=  ?  ti 


<V  .l/MU/V* 


rM_| 

F  611-5  M 

7749.3 

774*. 0 

7. ’ 1 740-21 

7779.7 

7.  ’ 041F -21 

7711.4 

2.2997E-7) 

7  P  0  7.  1 

2.  ?C44F.?, 

70 i 0. 7 

2.29314-21 

73\7.« 

7.7°26F-21 

7077.4 

?.  79105-21 

7174./, 

2  .  ?°645-?l 

7074. 4 

2.  701  if -21 

7°  24  •  7 

2. 70745-21 

78  7  3 . 0 

2. 7 1 475-21 

7<M  P.  3 

2. 7247F-71 

7P] i.o 

2.71744-71 

7°07. 7 

2.34HF-21 

779?. 0 

'. 7667F-21 

7700.4 

2.10414-21 

7744.1 

7.40365-21 

774°. P 

2.4241F-21 

7731.4 

2.44934-71 

7711.7 

7 . 4  74  or  -21 

7489. J 

2. K070c -2 1 

7464.7 

2.63149-71 

7430. 4 

2. 4666F-21 

7610.7 

2. 602 1 F -7 1 

7479. 1 

7.6402E-21 

7447.  4 

?.6“l 74-21 

7413.2 

2.7242F-21 

74  76.  0 

2.7719r-21 

7430.1 

’.P7774-21 

7397.7 

2.  R763P-21 

7744.0 

7.9777F-21 

7710.2 

7.09445-21 

7763.2 

7.06019-21 

7214. 1 

3.  12094-21 

7162. H 

3.  20469-21 

5  TRANS1 T[1N5  of  Hrt 
»-«r  asr.M 

1-1 >  A  F 


S5C-1 

fM—  , 

7.69144-01 

771  1  .4 

c. 1424F-01 

7690.0 

4.4037F-01 

7666.7 

4.71 425-01 

764  1  .7 

4 • 04664-3 1 

761 4.9 

3.9263E-0) 

7406 .4 

3.0Ti7E_0i 

7646.1 

3,74  04F -01 

7524. 1 

3.69614-01 

7490. 4 

3.6471F-01 

7444.! 

7  •  4  9  64  F-01 

7418.1 

7.44  S9E-11 

7.379.4 

3. 42204-01 

7379.1 

7.49  34  F— 01 

7297.2 

3.46P7F-01 

7243.7 

7. 4469E-11 

7208.6 

3 . 4294  F -01 

7161.9 

7.41575-01 

71  1  7.7 

7.4151  F-01 

7063.9 

3. 39779-01 

7012.6 

3. 3932F-01 

6049.8 

7.  3 9 1 9 F- 01 

6904.4 

3.39305-01 

6949.6 

7.19044-01 

6792.7 

3.40599-01 

6733.6 

3.41645-01 

6673.4 

7.4290F-01 

661 1.7 

7.44545-01 

6548.6 

3.4452F-01 

6484 .0 

7. 4875E-01 

6418.1 

7.51 30E-01 

6350.7 

7. 541 69-01 

6281 .9 

7.57415-01 

621  1  .6 

3.4197F-01 

6140.0 

7 . 64  9  74  — 01 

6066.9 

FORMERLY  WILLOW  RUN  LABORATORIES.  T ME  UNIVERSITY  OF  MICHIGAN 


'M'ntx  fiabtftm  a*s  and  f*jf»f>1E8  fd»  v=  ?  to  6  transitions  pf  hci 


P-«OftNCM 


P-BB  ANCH 


J  <V  l/xil/V*  J*1> 
rsii-rv 


1 

-4.B7FQC-7 7 

l 

-«=  .]  1  ’BP-77 

7 

-  F  .4  4  77r  _?  7 

7 

4 

-6  .7^477-7  7 

F 

•  f.  #  7  l  nc-p 

6 

-7,?Be  r.TT 

7 

- 7 . o  7 7 " 1 

a 

-a.4‘  ’It  -77 

7 

-9.’  5<'3<  -’7 

10 

-9.c 1  7f 

1 1 

-1 .O’Fcr-?? 

1? 

-1 .14' 77-7? 

n 

-1  ,?<|TF1  -T7 

14 

-  1  .  7  7  1  B  ‘  -  7  > 

IB 

-1 ,4°B’r-77 

IB 

-i.fOB?r- v 

17 

-1  .74  7Rr -?7 

IB 

-l  .b  0  B?r  -7  - 

1° 

-?.04041'-?7 

?0 

-2.7044E-7 7 

21 

— ?.7B10F— 77 

2’ 

-’.■i'l'-'.r-TT 

77 

-? .7AC0F-7? 

?4 

-J.OilFIF.TT 

75 

-7.?1 7FF-77 

26 

-7.477PT -2? 

77 

-7.71 77r.?7 

?B 

-T.omftr-27 

70 

—  4.7  ’  ’’AF  -?? 

70 

-4.40 O^F -  7  7 

31 

-4 ,OT 7’r-7? 

7  7 

-  *  ,,7  B  Q0F  — 7  ? 

77 

-B.44Air-7? 

74 

-4  .0  4  OFF  -7  7 

35 

-4.4B77f--7l 

4 


SFC-1 


-,.B?'a7F-U4 
3.4  jagc-04 

4. 1  a<~be-04 
4.  qAAHC-0'* 
f .  ?  roi  r— o  4 

‘ .BM3F-04 
3.  11  60e-04 

O.C’Tt F— 04 
1  .  I  706F-0J 
1  .’  164F-07 

1  .F477F-0’ 
1  .  R  7  OOF -01 

7.1  77RE-0’ 

•>.  F0S7F-0T 
i. 9473F-03 
7. 4770c. f)} 
*..016?F-07 
4.4P’3E-07 
3 . 4  4 ’0  c -0  7 
6. 7342F-07 
7. ’  1  71 E-03 

B  ,4F4«|  F-07 
7.7410F-07 
1  .  1  19?E-0? 
1 . 7Q47F-C7 
1.4A7qr_02 
1  7B  IF  -07 
1.906RF-07 
7. 1 6S7F-07 
7.4B71 F-0? 
2.7732E-07 
7.1 7R7F-07 
7.F214F-07 
7.BF71F-07 
4.4779F-07 
4.06R7F-Q7 


F  <V  J/MU/V*  J-l>  A  F 

CM-1  FSU-SM  BFP-I  CM-1 


101 71 .4 

101 ’A.? 

-  4.  744 OF -27 

1 014«.4 

-4. 1 632F-23 

1 01 58.4 

-4.0147E-23 

10163.9 

-7.O01SF-27 

10170. « 

-3. B1TOE-23 

10173.2 

-3. 7B4TE-23 

13177.2 

-7. 7623F-2’ 

10170.4 

-7.7B2BF-23 

10144.4 

-3. P’7FF-23 

lOtSR.O 

-7.01O1F-23 

10147.0 

-4.04S4F-27 

101 33. 7 

-4. 2037F-23 

10170.2 

-4.39PBE-23 

lOlO’.B 

-4.47RBF-27 

100B2.3 

-4.RO50E-77 

100BB.4 

"3 . 7 1 1 7F -  27 

10074.7 

-3.FF69C_?b 

10004. F 

- 3 . 9  306F - 2  7 

>*'’74.  1 

-4.3074F-27 

0047. 1 

-6.B637F-27 

ooo7.  f 

-7.3O03F-23 

0869.4 

-7.9F19F-27 

982R.6 

-R. 371 9F-?7 

07"5.2 

-O.2304F-27 

0779. ’ 

-o.of?6E-27 

9690.3 

-1.0742F -22 

067Q. 1 

-1.1 3633-22 

CBP5. 0 

—1.2 439F -22 

0320. 7 

-1.7417E-2? 

9468.7 

-1 .4439E-22 

9404. 3 

- 1.357BF-22 

0741 .4 

-1 . 6606072 

0277. 3 

-1.7062F-72 

0?  02 . ' 

-1.9709F-22 

0120.1 

-7.0734F-72 

6.0707F-04 

100B4.F 

3 . S96 1  F-04 

10062.4 

7.070OF-03 

10077.9 

7.  7 7 7 3 F - 04 

10011 .0 

2.3261 F-04 

998 1  .  B 

2 . 41  4 1  F-  04 

99F0.1 

2.7311F-04 

OOlb.l 

2. 7084F-04 

OP79.9 

2 • 3747  F-04 

904  1  .? 

2. 7R67F-04 

OB00.3 

2.4Q7«F-04 

9737.2 

2.6309F-04 

0711.7 

7.R4RSF-04 

0664.1 

7.1101E-04 

0614.7 

3. 39B8F-04 

OBb2.1 

7.7794F-04 

0307.0 

4.7176  F-04 

0431  .4 

4.7734F-04 

0792.0 

3.73  73F-0R 

9332.1 

4. 0} BSE-04 

9269 .3 

4 . B476E-04 

0704.4 

7.7417  F-04 

0137.3 

B. 7B3OF-04 

O06P.2 

O.9B12E-04 

B097.0 

1  .’  ? 44 F-03 

8023.7 

1. 27B2E-03 

BR48.3 

1.4470E-07 

8770.9 

1.6274E-03 

8601  .3 

l . B7  34E-03 

8609.9 

2.061  IE-03 

B526.3 

2.31 14F-07 

8440.7 

7. SBR7F- 03 

8732.9 

2.B9R7F-03 

8263.1 

3. 23  77E-03 

8171.2 

3.61 1 3  F-07 

8077  .2 
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«M«[X  ri  rMF'jTS,  MmstFin  *.<; 

< v  -i / •  / v •  j*r>  7 


4N0  F4'FRr,lF<;  FOR  V=  2  Tfl  7  TR  ANSI  T I  (INS  OF 

P-3R  W.H 

F  <V  J/«ll/V*  J-1>  4 


‘  RL-'-w  RFf  _i 


r.M-i 


Fsii-CM  «;  e  r.  - 1 


-I .’P'RF-?’ 
-1  .I'li'S'-.i? 
-1 .401CF-?R 

-1  .404SF-?? 
"1 .4042F-72 
-1  .4047F-22 

-1 .4041  F-27 
-1  .40<~7F-?? 

-  1  ,’C  40  f  -11 

-’.8  ^IlF-.’? 
-1.1" 77F-7? 
-1  .87?6F-7? 
-1  .8  40er-7-> 
-1.74«ir-77 
-1  .8  787F-72 
-1.10  77F 
-1  .7R  >4f  -?  7 
-l.mic.ii 
-i  .’■‘Foe-?? 
-1 .1P1°F-?? 
-’ .1 s7sr-?7 
-1 .1! 04F-?2 

-  1  .06  77F-77 
-1.0*  04f  -2  "> 
-0.54  7PF-?7 

-  P  ,  0  0  57  F  —7  i 
-8. ’24SF-77 
-7,44H‘iC.-  j 
-4.6517F-77 
-5.7508F-23 
-4.7P31F-73 
-1.77  A0F  —?3 
-2.5821F-77 

-1 .7774F-77 

7.1  7  0?F  —  75 


3.  3  7  70  F  —0  3 

4. *o/,7F-07 
5.0534F-07 
4.2,<  51  F - 03 

5.4R54f-07 
c  .5410F-07 
*  .5747F-07 

c.8767F-03 
5  .  r  50?  F-07 
5.5  174F-03 
‘’.44  74F-03 
5  .  7  S  74 F - 07 
5. 7471 F-07 
4.1  C6OF-07 
4 . 0  S  4 F F-07 
4. 7707F-07 
4.44COC-03 
4.3411 E-07 
4 . 08°7E-07 
3,7  744  F  — 03 
7.4477F-07 
7. 7447F-07 
7  .  °7  ««,F-0  7 
7.4174C.Q3 
?  •  7  044  F  — 03 
1 .O670F-03 
1  , 4  4 | 0  F— 03 
1 .77SSF-07 
1  • 04  00  F -07 
7.F430c-04 
4 . 1 4C4F-04 
7.0420F-04 
1  .4  7*. 7?— 04 
7.702OF-04 
1 . RR’Fc-07 


17301 . 8 

17405. 7 

17415.7 

17427.0 
17477. 3 
1  ?428.4 

17474.7 
17471.? 
1  ’41  2.  o 
1  ’4C 1 , ft 
17747. J 
1 77*0.4 
17848.5 
1  ’7 ’4 . 7 
1  ’ 74  7 , 4 
1  ??4?. 3 
17734.0 
1  ?  1  c  7 . 4 
’7157.7 
17114.R 
1704P. 7 
1  ’OI0.4 

11046.0 
1  1  a  1  1 .7 
1  1852.2 
1171R.9 

11774.4 

11455.4 
11483.2 
’ 1507.5 
’  U’8.4 
11344.1 
11740.0 
11 1 ?0. 4 
1  1077.? 

1  0080.3 


-1  .7P70C -2? 

-1 .7P41F-22 

-  1 . 7  7Q7F  — 2 ? 

-  1 . 3750F - 2? 
-1.7717F-2? 
-1. 7457F-2? 

-  1 . 7ftl  OF -2? 

-1  .  754  1F-7? 

-1.7 50  OF -22 
-1  .3435F-7? 
-1  .7755F-2? 
-1.3  R  07F - ?  ? 
-1.7220F-?? 
-1.3177F-2? 
-1.305OF-7? 
-1 .7C54E -2? 

-  1.2857F-77 
- 1 . 2  742E-2? 

-1.241  OF- ?  7 
-1 .24P7F-72 
-l  .7747F-7? 
-1  .2202F-77 

-  1.7045E-22 
-1  lR5oc-7? 
-1  .  1702F-2? 
- 1 .  40  4F  -22 
-1.1717E-2? 
-1.10P7F-2? 
-1  .0870E-72 
-1  .0435E-22 
-1.03B5F-2? 
-1.0127F-2? 
-0.8  44 1 E -2  3 

-  0.  4  340"  -2  ■» 

-0.2157E-27 


1. 1 7O7F-02 
7.51  38E-03 
4 . 4 7 7Q  F-07 
4.2727F-07 
4.0187E-07 
5.8052F-03 
5.4438F-03 
5.48*-»F-07 
5.7471  R-07 
5.  ’045F-07 
5. 052  8  F -03 
4. O750F-03 
4. 7841 F-07 
4..448OF-07 
4.  5074F-0:* 
4 . 7540  F-03 
4 • 705  ?  E— 07 
4.0S34F-08 
7 . 8002  F-03 
7.  77  4  ?F  -07 
3.5744E-03 
7.41 37E-0’ 
3. 2501 F-03 
3. 0  3  0C  F-03 

2. O’ | pe-07 
7. 7572F-07 
7.501 7F-03 

2.4217F-07 
2.2424F-03 
2. 1031 F-07 
1.O450F-03 
1 .7906F-07 
1 .4780E-07 
1. 4862F-07 
1 .3403F-07 


MICHIGAN 


HFl 


F 

CM-  1 


12755.5 

17372.8 

12707.0 

12778.2 

17244.4 
17211  .5 

17173.7 
12183.0 

17080.7 

12042.7 

11003.2 

11040.8 

11885.4 

11877.5 

11765.4 
11707.0 
1  1474.4 
11547.? 
1  1405.2 

11420.5 
1  1343.1 
11742.0 
11180.1 

11004.5 

11006.3 

10015.3 
10821 .7 
107’S  .4 

10626.3 

10574.6 
10420.0 
10’1?.P 

10702.7 

1 008 0. 8 
°074.1 
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MATP  1  X  plF«fmTS,  EINSTEIN  A'S  ANO  ENFPGIES  TOP  V=  1  T(]  *  TRANSITIONS  OF  HCl 


Pure  Rotation 


J 

<V  J/“!J/V'  J*17 

A 

F 

P  SU-C“ 

s F  r.  - 1 

CM-1 

0 

1.19  4QF  -1 0 

1 .0379F 

-03 

1°.  1 

1 

1.1951F-1  3 

9 .9  303  F' 

-O’ 

39. 1 

7 

1.1PS4F-1 a 

a. ao«?c. 

-0? 

S7.  7 

3 

1  .1 9SRF-1 a 

a.aosap. 

-0? 

76.  7 

/, 

l .1 Q47F-1 P 

1  .75S4F. 

-01 

PS.  1 

5 

1.1 9(PF-l a 

3. 071  OF' 

-01 

114.0 

6 

1  . 1  °  77F  -1  R 

4.9191  F' 

-01 

17?.  R 

7 

1.1  9P5F -1  a 

7 , 7  7  O  7  F  . 

-01 

1S1.S 

H 

1  •  1  9  95F -l« 

1 .0534F 

00 

170.2 

o 

1 .7005F-1P 

1  .44F5E 

00 

1*3.7 

1  0 

1 .7017F-J  o 

l.°?4?c 

00 

707.  1 

1  1 

1.70  aoc -1 P 

7.4C44F 

00 

77  S.  4 

1 .70445  -i  a 

a. 1S7BF 

00 

743.  S 

1  ■> 

l  .70sof-i a 

3 . 97  79  F 

00 

261.5 

1*. 

1  .7076F-1  a 

4.a?03F 

00 

779.  3 

IS 

1.70S-»F-lfl 

S . a  7 14  f 

00 

?94.q 

IS 

1.21 17F-1 a 

6.94??F 

00 

314.  7 

17 

1.71  37F-1  a 

a . 1 R7  7  F 

00 

371.6 

1» 

1.71  s?P-m 

9.SS13P 

00 

34P.6 

IP 

1.71 74F-10 

1 .10S7P 

01 

3  65.4 

•<o 

1  •  7  1  97F  -1 a 

1.7703F 

01 

3P2.0 

71 

1.2771F-1 a 

1.447SF 

01 

39  a .  7 

77 

1 .7747F-1 a 

1.63P5P 

01 

414.4 

7  7 

l .?  7  7tp  -1  a 

1 . P  47  7F 

01 

4  30. 7 

24 

1.7  3 OOF  - 1  a 

7 , 06C7  F 

01 

44S. R 

?S 

1.73?9F-1P 

?.  7°1 9 F 

01 

461  .0 

?fe 

1.23SRF-1R 

7.53679 

01 

476.0 

7  7 

1.23R9F-1R 

2. 797ac 

01 

490.7 

?« 

1 . 74  20F-1 a 

3.06’7E 

01 

505.0 

29 

1.24S3F-ia 

3.3457F 

01 

SIP.l 

30 

l.24Rf-F-ia 

3.639RC 

01 

532.  P 

31 

1.2  521F-1 ft 

3 .9443  F 

01 

546.2 

37 

1 .?  S  5AF  -1  a 

4.7597F 

01 

559.2 

33 

1  .2  5°3F-1 a 

4.5R43F 

01 

571.9 

74 

l.?(S30F-ia 

4 . 9 1 77F 

01 

5  34.2 

3S 

l.?6taF-ia 

5 . ?S9 1 F 

01 

596.1 
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“M  1  < 


"'r'  7<'*  r,vrrr,‘'  ^  fnprf.ifs  for  V-  3  rr  4  transitions  of  hci. 


4 -“RANCH 


°-*R  ANrH 


<  V  I  /  ‘-•i  j  /  v  •  J*l> 
r  SU-'  „ 

1.  IC’T-IT 

1  -Y 

1.  >  7 “4F -  1 Q 

I  .  7  1  7°r_i  o 
l . 1 ’ 7jr-i i 

l  r  - )  o 

1  .  1  0*-7F  _]  q 
1  .  ’  7ni  r  .|  n 
U'^rr-ti) 
U”)r-i5 
1  .1  !  >CC_]  o 
1  .0  V)7C  .'O 
l .  n-,  441  -ii 

I  .  14  70C--1  a 

I .02F3C-1 a 

1  .  }  0  444-1  o 
c.o?7oC_70 
o.«,rj  pc.Yi, 

f.77ACr-;c 

',.140-F_?j 
F.n 1 7’F -7  3 
F  .  4  .«  7  7r  _  ?  n 
0 .44  Ft  4 -70 
F  .?CA1  <-_?■) 
7.0“  qqr.-iq 
7. 70*74 -2 3 
7.4'.  1JC-YI) 

7.i  <nor-->o 

A.  <17  7JF-7Q 
4.4*404-70 
F .77  44 F -?0 
F  .  0  -7C7F  -7  f) 

6 .7777T-70 

R. 40147-70 
c.l  °SIF-70 
4.«.‘ C0F - 7q 


T . 1 01 7  r  01 

1.7707F  01 
7.00P4F  01 

4.O903c  T. 

4. 1  70S  r  oi 
4.  1  1  c  1  r  01 
4.0*424  01 
4.0404'  01 
>.0*154  01 
7 »°  1 1  o r  oi 
7  ,  °  7  74  F  01 

7 . 7  47 1 F  01 

7.4541 c  01 
3.55404  01 

7.4 502  £  O' 

3,740*4  01 
7.7  7474  01 

’  .  lCR-ir  <), 
7.0*714  01 

7.04240  01 
7.774RC  oi 

2 .  4  0C>0  c  0  1 
2.4770“  01 

2.3400=  01 
2.2C54*  Cl 

7.0704“  oi 
1.0747C  oi 

1  .°C01 r  O' 

’  .7,447c  oi 
l  .  5  77  0  F  01 

1.4F07F  01 
1 . 2 7 1 2 c  oi 
1.1444F  01 
1.070*4  01 
o. 01004  00 
7.P547F  00 


25=5. 7 

7417.2 
24  70.4 
7447.0 
'’4  57.0 
767A.2 
2pO7.0 
7704. P 
2770. 0 

7777.4 

7744.4 

7745. 4 
7745. « 

7775. 5 

2794.3 
2  7  77 , 4 
771Q.7 

2P04.7 

2° 1 7. 0 
2P17.n 
7*71.1 
7*74.4 
7*74 , 9 
7*7*. 5 
2*20. 3 
7*20.7 
7*7*,* 

2*24.  5 

7*77.* 

7*70.  1 
7*15.4 
7*10.1 
7*03.  * 

2704.4 
27**. 1 
777*. o 


FV  J/«U4V*  J-l> 
poii-fh 


1  .  ’40OF-1O 

1.3*1 44-10 
1 . 40?7r - 1 0 
1  •  4720F-1 
1 . 447  7r _ 1 c 
1 .4444r-n 
1.4*534-10 

1 . 5042F-1 o 

1 .*?7ir-i« 

1 .54*1*. jo 
1 . 4407C-n 

1 .5O03F-1O 
1  .‘  11  4F-1  0 

1.47774-10 

1.4440“ —la 

1  .  F  75  3F  -1  0 

1 ,404*1-10 
1  ,  71  *  7  c  —  1  y, 

1 .770*4-10 
1 .7414F-10 
1  .T*314_iij 
1. *04*4-1 0 
1 . 0745F-IO 

1  .  *407L‘-lo 
1 . H701C-1O 

1  .  *°?0F-1 o 

1.01 7  *r  _j  0 
1 .074  7C_ln 
1 .0475C-1 O 
1.  O7m,c_i0 

7.001 7F-1 o 
7 . 077  9r -1 o 
7.0444F-19 
7. 0447F-1O 
2.0*7*4-10 


S  F  C  -  1 


0.771 ~r  0! 
4.5742*  01 

5.0071  4  01 

5.44074  01 

5.51 17F  J! 
5.42144  01 
‘'.355*4  ji 

5.3022*  01 
5 .  7  54 1 F  01 
5.2081F  01 
5.151*4  01 
5.11304  oi 

5.0574c  oi 
S.ClilCF  01 
4 •  05  714  01 
4  •  *02 7  F  01 
4. *774*  01 
4.75B4E  01 
4.  4*  4  5  F  01 
4.40*44  01 

5.5775F  01 

4.44774  0’ 

*.3541 r  01 
4.?5l*r  01 

4.14414  01 

4 . 04 7 1 F  oi 

1.0440F  01 
7. *50*4  oi 
3.7*214  )1 

3.4410C  0, 

3. 57°?4  01 
3.M44F  01 
3  .  70  *  1  F  01 
3. 1 *01 F  01 
3 . 05  07 F  01 


7*57.* 
’53*. 1 
2517.0 

2407.1 

2 474 

2443.0 
74*1  .4 
7409.5 
?7*4.l 

’341 .2 

2 374.* 
7311.0 

2784.4 
7740.9 

2734.7 
720*. 1 
21*1  .2 
2153.* 

2124.1 
209*. o 

2040.4 
204C  .  * 
201 1  .7 
19*2.2 

10,:2.S 

1077.5 
1*07.7 
1 PF 1  ,4 
1*70.7 

1700.4 

1748.2 

1734.4 

1704.7 
1F77.4 

1640.3 
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M4T°1X  ELEMENTS,  FINSTFIN  A'S  ANO  FNERGIES  FOR  V-  3  TO  5  TRANSITIONS  OF  HCl 
P-RR&NCH  P-BRANCH 


<V  J/MU/V*  J+l> 


F 


Fsu-r«*  SFC-i 


CM-1 


-2.92  79F -po 
-2.O1B3F-P0 
-2 .9  096F -7  0 
-2.90 lftF-2  0 
-2.R9S0F-20 
-2.RR90F-70 
-2.1 fi3°F-?0 
-7.R7S7F-50 
-2  .«Tft-»F-?0 
-2. 87ftftF-20 
-2.R7  2’F-2P 
-2.5713F-20 
-2.8713F-20 
-7.R721F-20 
-2.R737F-20 
-2.9761F-30 

—  2  •  ®  7Q1F  — 70 
-2.PP32F-70 
-2.RP7RF-70 
-2.P93'jf_?0 
-2.8994E-70 
-2.9062F-20 
-2.91 3RF-70 

-  2. 9  2  19F-?o 
-2 .9  30PF-20 
-2.94  02F-?  0 
-2.9503F-20 
-2.9609F-20 
-2.9721F-20 
-?.°83ftE-20 
-2.9959E-70 
-3.00»5F-20 
-? .0  7  13F-20 
-3.03 46 E -20 
-3.O4POF-70 
-3.0614F-20 


1.1679E  01 
1.4060F  01 
1.5111F  01 

1.5717F  01 
1.6170F  01 
1.6412F  01 
1.6636F  01 
1.6P16F  01 
l  . 6944  F  01 
l.TCftftE  01 
1.7194F  01 
1.77PSF  01 
1.7364F  01 
1.7432E  01 
1.7490F  01 
1.7S39E  01 
1.75R0F  01 
1.7613E  01 
1 . 763 3 F  01 
1.7  65  SF  01 
1.7664E  01 
1.7665F  01 
1.765PF  01 
1.7641E  01 
1.7617F  01 
1 .7582  E  01 

1.753PE  ji 

1.74P3c  01 
1.7417E  01 
1.7340F  01 
1.7251F  01 
1.71 49  F  01 
1.7033F  01 
1.6907F  01 
1.6756E  01 
1.6593E  01 


5069,4 

5096.3 

5101 . 7 

5115.9 
512ft. ft 

5140.4 
5150. ft 

5159.9 

5167.7 

5174.2 

5179.4 

5183.3 
51R5.8 
5 1  ft7.  0 
5186.Q 

5185.4 
>182.5 
5178.3 

5172.7 
51 

V  1  5 t . 3 

5147.5 

5136.2 

5123.6 
5109.5 

5093.9 
50  76. 8 

5058.3 

5038.3 

5016. 8 

4993.9 
4969.2 
4943.  I 

4915.4 

4886.1 

4855.2 


<V  J/MU/V*  J-l>  A  f 

fsu-ch  sfc-1  r  m-i 


-2«°500F-20 
-2. 9626E-20 
- 2.9761E -20 
“7.9907E-70 

-  3. 0063E-20 
-3.0230F-20 
-3.0407E-20 
-3.0596E-20 
-3.0797E-20 

-  3. 1 01 0E-20 
-3.1 235F-20 
-3.1472E-20 
-3. 1 722E-20 
-3.19ft6E-20 

-  3. 2264E-20 
-3. 2556E-20 
-3. 2863E-20 
-3.3186E-20 
-3 . 3524E-20 
-3.3879E-20 
-3.4251E-20 
-3.4641E-20 
-3.5050E-20 
-3.5479E-20 
-3.5927E-20 
-3.6398E-20 
-3.6890F-20 
-3.7406E-20 
-3.7946E-20 

-  3 ,85 13E-20 
-3.9107E-20 
-3 . 9729E-20 
-4.0383F-20 
-4.1 065E-20 
-4,1 7ft  7E-20 


3.4795F  01 
2.3113’  01 
2.0723E  01 
1.9661F  01 
1 . 903ft  E  01 
1.B616F  01 
1.8300E  01 
1 .  ft 04ft  F  01 
1.7ft37F  01 
1.7653E  01 
1.7488F  01 
1 . 73  3ft  E  01 
1 . 71 9ft  E  01 
1.7066E  01 
1.6940E  01 
1.6819F  01 
1.6701E  01 
1.6586F  01 
1.6475F  01 
1.6364E  01 
1.6255E  01 
1.6148F  01 
1 .6041 E  01 
1 .5935 E  01 
1.5829F  01 
1.5724F  01 
1.5619E  01 
1.5513E  01 
1.5407E  01 
1.5301E  01 
1.5195E  01 
1.5087F  01 
1.4979E  01 
1 . 4ft70E  01 
1.4760E  01 


5092.7 

5012.4 
4991 .0 

4948.4 

4944.6 

4919.7 
4ft93 ,6 

4866.4 

4338.2 

4808 .8 

4778.4 

4746.9 

4714.4 
46B0.B 

4646.3 
4610.7 

4574.1 

4536.6 

449ft.l 

445ft.  6 

4418.3 
4377.0 

4334.7 

4291.6 

4247.6 

4202.6 

4156.8 

4110.1 

4062.6 

4014.2 

3964.9 

3914.8 

3863.8 

3811.9 

3759.3 
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FORMtRLY  WILLOW  RUN  L WBC RWTORI 1 5  THE  nMVENS.rv  “  M  ,u  .-,K,»N 
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i  .7  0104--M 
i.7«  ^or-7i 
4.in  ■»7r-,-M 


MS  ano  FNFPr.irs  f0p  V*  «  n  6  T»wmnNS  nr  mCl 

>  "I  "I-  u 

P-BP  ANC  ■* 


4 . 7  4/,q  F  ( 

74SOC-01 
« ,4747r-T) 
°.“r,'.7r-0I 

S.  7i  q/.c.fj 

o. 1775c. 0l 

1. °S?0C-01 
1  .01  top  CO 
1 .0410 c  00 
1  .04174  C  1 

1  .  )  C*L  q  c  0l) 
1  . 1  ?41  4  00 

1  .  '  *-71  r  ri 


7447.1 

7457. 1 
7471 . 0 
741?. 7 

7407. s 

7500.4 
710'..  1 
7* 10. 7 

7417.4 
71  1  7 . 7 

7511 . 7 

7400.7 

7407. o 


<"V  J/l'il/v*  J-15 
F  SU-C« 


7.010OF-71 

o. nroiF-21 

7 . 74 1  oy  _■>) 
7. 7047F  -71 
7. 7P714-21 
7. 74740-7] 
7. 7  04  44  -?i 
7.  7 1074.7] 
3.  7064F-71 
7.0  04  7C  —  71 

7.B1O0F-71 

3.«741F-?l 

1.P471F-71 

7.07514—71 

7 .70004-71 

7.o?ior-n 

7.4ISQTF-71 
3.0047F -7] 
4. 03? 74.71 
4.07405-71 
4. 1710c-?l 
4. 1 71 l F-2 1 

'•.7?47F_?, 
4. 744ir_?i 

4.7473F-71 
4.41 4?c -71 
4 . 4f  H4F  -  7J 

4.5464F-71 
4.65124-7] 
4.741 4F-?1 
4. R3R0r-?l 
4*04704-71 
4. 01724-71 
5*1  7?7F  — ?  1 
5.70114-?! 


FORMERLY  WILLOW  RUN  LABORATORIES.  THE  UNIVERSITY  OF  MICHIGAN 


«AT«|x  ELEMENTS,  (MNSTFIN  A*S  A  NO  ENFPOIFS  FOP  V=  3  TO  7  TRANSITIONS  OF 


P-8RANCH 


J  <V  J*l>  A 


FSII-FM 

SFC-1 

0 

-2.=6>4r_?p 

6.1O64F-03 

1 

—  7.59R3F  —  27 

7. 7944F-03 

7 

-7.65  ■»7f-7? 

8.7688F-03 

3 

-2.77  64F  -2? 

0.5  806  F— 03 

4 

-2.7CR0O-2? 

1 . 035R':-07 

5 

-7.87C4F-7? 

1.1 1 52  F-0? 

6 

-?.96»6F-?7 

1  .1  991  F-0? 

7 

-  ?  .06  FRF  -7  7 

1.7R94F-02 

8 

-3.1 7 lTF-2? 

1  , 3p  76  F-o? 

9 

-’.?P8»F-2? 

1.4O79F-02 

10 

-3.6 1 65F-?? 

1.6183F-0? 

11 

-3.55  5SF-2? 

1.75315-07 

12 

-3.7067r_?? 

1 .9076F-0? 

13 

-3.07  17F-7? 

2.071SF-07 

16 

-4.0511F-22 

7.2  600E-07 

15 

-4.2445F-?’ 

? .4  696E-07 

16 

-4.4  545F-3? 

2.7048E-02 

17 

-4 .6  P  03T -2? 

7. 96675-02 

1  8 

-4.O760F-2? 

3.2607F-02 

19 

-5.1  870F-72 

3.58566-02 

20 

-8.47  13F-2? 

3. 94opc_02 

21 

-8.7786F-27 

4.3551 F-02 

22 

-6.1006E-72 

4. 8033  F-0? 

23 

—  6,44  7op  -2? 

5. 7C8RF-0? 

24 

-6.8  7 00p  -2  7 

5.84R4F-02 

25 

-7.21P5E-27 

6.4577E-0? 

26 

-7.6  397F-22 

7.1 ’1 1 E-02 

27 

-P.0°  71E-22 

7 . 8579F-07 

28 

-  8 . 5  7 1 OE  -  7  7 

8. 6631 E— 32 

29 

-9.0343F-22 

0.5404F -02 

30 

-0.6204E-72 

1.0519F-01 

31 

— 1.0709F-21 

1 ,15775-01 

32 

-1.0828E-71 

1.27  39F-01 

33 

-1.14P9F-71 

1 .4008F-01 

34 

-1.71 C2F-21 

1.S3O3F-01 

35 

-1.2045F-21 

l . 6 907 F -01 

P-BRANCH 


F  <V  J/MII/V  J-l>  A 


C  8-  1 

ESU-CM 

SEC-1 

0712.5 

9776. 6 

-2 , 4503E-22 

1. 70655-02 

0738.2 

-2.4112F-?? 

1.0943F-0? 

9767.3 

-2.3791F-22 

9.5087E-03 

9753.  9 

-2  •  3480F-2? 

8.75  56  5-03 

975p. 0 

-2.  3251F-22 

8.2721F-0? 

9759.7 

-2. 3052E-22 

7.9Q57F-03 

0758.7 

-2.2908F-?? 

7.6262F-03 

9  755.3 

-2.28!  9E-2? 

7.4099F-03 

07. .9.  3 

-2.2786E-2? 

7.2458E-03 

9740. 7 

-2.2 789E-22 

7.1131F-03 

9779.7 

-2.2873E-?? 

7.0341F-03 

9716.1 

-2 . 3009E-2? 

6. 98765-03 

0699.9 

-2.32255-2? 

6.OR73F-03 

06  81.2 

-2.3496E-22 

7.0170F  03 

9659. 9 

-2.3839F-2? 

7.  0844  E— 03 

0636.0 

-2.4268E-22 

7.  1963E-03 

9609.6 

-7.4768E-2? 

7.  3441  F— 03 

9580.6 

-2.53735-2? 

7.54555-03 

9549.0 

-2.6036E-2? 

7 • 7736F-03 

0514.8 

-2.6809F-2? 

8.05  87F-03 

0477.9 

-2. 7676F-2? 

8.  39  06E-03 

0438.4 

-2.8643E-22 

8.7732E-03 

9396.3 

-2.9705E-2? 

9.2036E-03 

9351.4 

- 3.0878E -2? 

9.6970F-03 

9303.0 

-  3. 2 1625-22 

1.0?  39F-02 

9253.6 

-3.3542F-22 

1.0834E-02 

9700.6 

-3.5071F-2? 

1.151 1F-02 

0144.8 

-3.6697E-2? 

1.2238E-0? 

9086.2 

-  3. 8472E-2? 

1.  3046F-02 

9024.7 

-4.0363E-2? 

1.3914F-02 

8960. 3 

-4.2410E-22 

1.48  68  E-02 

8892.9 

-4.4629E-2? 

1 . 591 8E-0? 

8822.6 

-4.7003E-22 

1.  7050F-02 

6749. 1 

-4.9581E-22 

1.8297E-02 

8672.6 

-5.2373E-22 

1.9564F-02 

HCl 


E 

TM-l 


06  76.8 
0656.3 
°631 .3 
O60A.9 
0576.1 
«544.9 

9011.3 
96  75.3 
9637.0 
O'  96.6 

9353.5 
O30R.3 

9260.8 
9? 1 1 . I 
0159.1 
9105.0 
906R  .6 
Aooo.l 
P°?9 • 4 

8866 .6 

8801. 6 

8734.4 

8665.2 

8503.8 

8520.3 

8444.6 

8366.8 
8286.0 

8204.9 

8120.7 

8034.3 

7945.7 

7884.9 

7761.8 

7666.5 


Mrjm _ _ 

E°R“ERLY  WILLOW  RUN  L*  BORA  TORIES.  THl  UNIVERSITY  Of  MICHIGAN 


M/VTIMV  rU'TMT'.,  n-^rriN  .\  •  4  ANT  PNFPOIFS  F'lS  V=  3  TO  R  TRANSITinNS  HP  HCL 


"-PPA'lCR 


P-R7  A*1"M 


.1  /'*!  1  /  V  *  .)*>> 

A 

F 

<V  J  /Mil/  V f  J-7> 

A 

F 

r  c  |  i. 

srr.-i 

C7-1 

F4U-CO 

4PC-1 

CM-i 

4. 7E3f,r-03 

4.  ->/,1  IF-fl’ 

1 1 B7S.R 

1 137] . B 

-  1 .4740--?? 

1 . ?94i F -0? 

1  1B47 .7 

*1  *  ^  7  f»  •>  t-  —  ?  "} 

T.ft??/.  F-01 

11«01.7 

-1.0757P-?? 

".  47  7ftP-0? 

1  IP?  1  .ft 

-  1  • c 

ft,  VRP^-C’ 

11707.4 

-1 . 4  74  oc  .77 

7.S700r-03 

11704.7 

“  1  •  *»  7  i*f-  F  -  ? 

r.<'7’cr-oi 

11O70.  0 

-1. 4740F-2? 

7.7431 F-07 

1  1 74  7  ,S 

-  1  ,  S7*>ir-->7 

ft .  lBB7r_0A 

mii.i 

-1.4777F-22 

7 . 00  °4F -07 

1  1  77ft. 4 

•1  #c*Q’FF-'>"> 

ft.  O  ’P^c-O1 

1  190R.O 

-l.c774F-?2 

ft  .  B  ? 1 9  F  — 03 

1  1701  .P 

-1  .5',  *0r-?‘> 

4.37O7F-03 

1  1701.4 

-  1. 47PRP-2? 

ft.  ftS 1 ?P-07 

11 444.7 

-1  .**»  tvc-?? 

ft.QftftOF-07 

1  ISO?. 4 
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4.4007r-07 

11707.7 
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11376.7 
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4. 7712F-07 
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-7.T'*  "’IF-?1 

'  .’7?’r-0l 
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10304.7 

"?i1',C‘,c"?  * 

1.1  MOP  -04 

1 10’R. S 

-  1 . 2ftl  BF  -2? 
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1 01 07.9 
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F 

F  S  U-F  « 

SFF-1 
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1.7210F-1 9 

9. R  44>  F- 04 

IP. 5 

1 

1 .2  7  17c  -l  9 

9.4  2009-03 

36.  9 

7 

1.22  14F-1 9 

3.4003F-02 

55.3 

3 

1.221PF-19 

P.3519F-02 

73.  P 

4 

1  .222’F-l  a 

1.6 643  F-*0 1 

92.1 

5 

1  .2  2 29F-1 9 

2.91 1 9F-01 

1  10.4 

4 

1.22  36F-1 9 

4.6615  F-0 1 

l’P.  6 

7 

1.2243F-1 o 

6.O910E-01 

146.7 

P 

1 .2752F-1  9 

9.9R12F-01 

164.9 

9 

1.7263F-1 3 

1.3697F  00 

192.  7 

10 

1 .27  74F-1  R 

1.R219F  00 

200.5 

11 

1.7296F-19 

2.3610F  00 

719.2 

1? 

1  .2299F-1  R 

2.9C29E  00 

235.  7 

n 

1.731DF-1  fl 

3.723?F  00 

753.1 

14 

1 .2  37°F-1 3 

4.5579F  00 

270.  3 

IS 

1  •  2  3  45F  — 1  9 

5.50O9F  00 

2P7.4 

16 

1.2367E-19 

6.  K  563E  00 

304.7 

17 

1.23R1F-I8 

7. 7793F  00 

320.9 

1  9 

1.7400E-19 

9.0195E  00 

337.3 

1° 

1.2421F-19 

1.0433E  01 

353.6 

20 

1 .7447F-1  9 

1.196TE  01 

369.  5 

21 

1  .7464F-19 

1.3629E  01 

395.3 

22 

1 .24PBE-1 9 

1.5411F  01 

400. B 

23 

1.25 17F-19 

1.7321E  01 

416.1 

74 

1.2537F-1R 

1  •  9351  F  01 

431  .0 

25 

1.2563F-IR 

7.15C4E  01 

445.  7 

26 

1.2  590E-1 8 

2.37722  01 

460.1 

77 

1.761RF-19 

’.6159E  01 

474.2 

7fl 

1.26  47F-1 R 

2.R652E  01 

498.0 

29 

1.2676E-1B 

3.1252E  01 

501.4 

30 

1 ,2  707E-1 8 

3.3553E  01 

514.6 

31 

1.773RE-1R 

3 • 6742E  01 

527.  3 

32 

1.2769F-19 

3.9623E  01 

539.9 

33 

1 .2  fl  02E-1 R 

4.2578E  01 

551.9 

34 

1 .2835E-18 

4.5601 E  01 

563.6 

35 

1.2  RtRE-lR 

4.  8684E  01 

575.0 
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2711.1 
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7707.5 
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1.7351F  01 
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7614.4 
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4.14707-70 
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01 

?477.4 
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O' 
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01 
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01 
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01 
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5. 5640F 

01 
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01 
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1.4475F-10 
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01 

7711.3 

1 .481  1F-10 

5.4707F 

01 

?745.o 

l . 7044F - 1 c 

5.  7740F 

01 

7741.1 

1 . 7  ?P  ?F  -  1  Q 

5.7247F 

01 

7716.1 

1 . 75 1 9F 0 

5 . 7  77  1  F 

01 

71°?. 0 

l. 7754C-] 0 

5. 7 1 56  F 

01 

7166.0 

1 .7OO0F-1O 

5.1544F 

01 

7141.7 

1.07745-10 

5.0791 F 

01 

7 1 1  c  .  7 

1 .84670-10 

5.  01  87T 

01 

?  OP  P  .  7 

1 .opoie-io 

4. 04  76  F 

01 

?<)(  1  .0 

1  .Pinr-ia 

4 . 15  7  7  F 

01 

7074.7 

1 .5145F-10 
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01 

7  107.1 

) . 0404  F  — 1 0 

4 . 5  9  0  6  F 

01 

1970.? 

l.ofcioc-io 

4.5057F 

01 

1950.0 

1.O174F-10 

4 . 40  74  F 

01 

1°72 .7 

7.01 Oic-l 0 

4.7040F 

01 

1197.7 

7.0741F-) 0 

4. 7995F 

01 

1844.0 

?.0574r-10 

4 .  7  9 1 E 

01 

1 974.4 

7 . 0“05F-1 0 

4.0647  F 

01 

1PQ4.5 

7.  1  O’ 4F -  1  0 

7.0472F 

01 

1774.4 

7.  1765F-10 

3.1760F 

01 
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7.  1497F-10 

3 . 7040E 

01 

1713.1 

7. 1  71  op-10 

7 . 5  7R4F 

01 

1617.1 

2.1 042  F-l 0 

7 , 45  01 F 

01 

1650.1 

7.71 64C -  jo 

3.7712F 

01 

1610.2 
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01 

1517.4 

7 . 7  590F- 1 0 

3. 05  77  E 

01 

1555.3 
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MATP1 X  rLCIFNTR, 

r INST  FI N 

A*  S 

ANT  FNFRC.IFS 

FOP  V-  4  TO 

6  TRANSITIONS 

OF 

HCl 

P- 

ARANCH 

P-BRANCH 

j/m/v*  j*i> 

A 

E 

<V  J/MU/V*  J 

-1>  A 

F 

rsn-rM 

SFC-1 

CM— 1 

FSIJ-CO 

SEC-1 

CM-1 

-7.7017F-?7 

'  .711  IF 

0! 

4R65. 2 

-7.77  ■’op  -2  0 

2.0R24F 

01 

48R1.2 

-3.8231E-20 

5.1642E 

01 

4R  29  .  S 

-3.74417 -?o 

7.27  44  F 

01 

4896.0 

-7.8407F-20 

3. 4322  F 

01 

4809  .  R 

-  ’  .  75 14F-70 

2.3241F 

01 

4900. 5 

-  7 . P505F-20 

3. 07R0F 

01 

4788.9 

-7.7471F-70 

7.7R14F 

01 

4°21.7 

-3 . P7O7F-20 

?.o?2?E 

01 

4746 .9 

-7,77  Tflt  _?  ») 

7.  4  221  F 

01 

4017.4 

-7 . 001 2F -20 

7.R707E 

01 

4743.6 

-7.77  44C -70 

2.4475E 

01 

4042.3 

-7.O240F-20 

7. 76  8  RF 

01 

471  9.2 

-3.71 P4F-70 

2.  4  747  F 

01 

4040.4 

-7 . 94R3E-20 

2 . 7?  25  E 

01 

4693 .6 

-7.7\ 22F-70 

2.A940F 

01 

4047.7 

-1 . 074  IF -?0 

7.6R55F 

01 

4666  «9 

-7.7077r-70 

7 . 4  t  OOE 

01 

4047.4 

-4.0014E-20 

2.6544F 

01 

4639. 1 

-7.7037F-20 

7.  4227F 

01 

4047. A 

-4.0307E-20 

2.677RF 

01 

4610.2 

-7 .7OO7F-70 

7.4320E 

01 

4070.0 

-4.0606E-20 

2.6030E 

01 

45P0.2 

-7.4qF7F-?0 

2. 47Q7E 

01 

4077.7 

-4.0027E-20 

7.5R06F 

01 

4549.1 

—  7.4YI77F  —  7^j 

7.44*7E 

01 

4073.  1 

-4.1266E-20 

2.5507E 

01 

4517  .0 

-  3 .4  0  71 c  -20 

2.4400E 

01 

4072.2 

-4.1622F-70 

7. 530OF 

01 

4483.8 

-7.4QO0F-70 

7 . 4  47  RE 

01 

4040.0 

-4. 1996F-20 

2.5200E 

01 

4449.6 

-1.6O0RF-70 

7. 4447 f 

01 

4044.? 

-4.2301F-20 

2.5025E 

01 

4414.4 

-  1 • 7  02K  F -?  0 

7.4447C 

01 

4041.1 

-4 . 2  805F-20 

2. 48  47F 

01 
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—  7.7C41F  — 20 
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01 

40*4. 7 

-4.3240F-70 

2 .46  77  F 

01 

*341  . 

-7.71 74F-70 

7.4401F 

01 

4044. 0 

-4.R6O6F-70 

2. 45  OOE 

01 

h  3  0  7  •  9 

-3.71 47F-70 

7.444RF 

01 

4017.4 

-4.41 75F-20 

2.4331F 

01 

*263.8 

-3.77  17F-20 

7.44C7E 

01 

4076.0 

-4.4677E-20 

2.4167F 

01 

4223.7 

—  7 .77  R4  F  —  7  0 

7.4371E 

01 

4014.8 

-4.5204E-20 

2. 30O6E 

01 

4182.7 

-  3 . 77  •'OF  —  70 

7. 4744  F 

01 

4001.2 

-4.5756E-20 

2.3830E 

01 

4140.8 

-3. 74 40 r -70 

7. 4142? 

01 

48  86 .  1 

-4.6335E-20 

2. 7663  E 

01 

4097  .9 

-3.74  27F -7  0 

2 • 4072  F 

01 

4860.6 

-4 , 604  IF -20 

2.3407F 

01 

4054.1 

—  7.  747  OF  -  20 

7.4  884  F 

01 

4851 .8 

-4.7577E-20 

2.3329F 

01 

4009  .4 

-7.7710F— 70 

7.4729F 

01 

4871. 0 

-4.8244E-20 

2 . 7  1  6 1  F 

01 

3963.8 

-3. 7  a  70F-7  0 

2.4  54?  F 

01 

4810. A 

-4. 8O42E-20 

2.2001E 

01 

3917.2 

-3. 7" 24F-20 

2.4355E 

01 

4788. 1 

-4. 9674E-20 

2 . 28 1 0  F 

01 

3869.8 

-7  .R034F-70 

2.4137E 

01 

4763.8 

-5 . 0442E-20 

2.2646F 

01 
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-  3  •  R 1  44F  -  20 

2 .  7  8  04  E 

01 

4737.0 
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2.2469F 

01 

3772.1 

-7.R247E-70 
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01 

4710.3 

-5.  2094E-20 

2 .2201 F 

01 

3721.9 
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2.3339F 

01 

4681.1 

-5.20B2E-20 

2.2100F 

01 

3670.7 

-7. 84  7nr -70 

2. 3021 F 

01 

4650.2 

-5.3916E-20 

2.1925E 

01 

3618.6 

-3.84  P7F -70 

2.2674F 

01 

4617. 5 

-5.4808E-20 

2.1737E 

01 

3565.6 
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1  7 

<,4’|7r.i| 
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7.  )7  77r_7] 

?n 

7.1  07nF_?1 

7' 

7.07  19F-71 

77 

7,4514=  -?] 

?7 

7.40C4F-71 

7  4 

7.7SCRP-7I 

?s 

7 . 0001 r -7 1 

2ft 

P.0761F-71 

7  7 

0  . 7  S  70  F  -  1 

70 

9.404Or-71 

70 

R.40I7F-71 

00 

P  ,P  0S4C-?1 

71 

P.OC07F -71 

v 

0.77S4F-71 

37 

O.S1 ?7C-?1 

04 

P.  7 6 OftF -71 

OS 

1  .00  77F-7Q 

crr-i  r.‘*-i 

’  .■>  tUP  M  71  IS. ft 

i.s-v.nr  tn  T150.S 

I.'UIP  03  71M.1 

1  .“?S6r  03  7174.  ! 

l.°7MP  00  7 1  o  3 .  1 

!  .  °*i40P  00  T 1  90 .  ? 

7.01  04  f  00  Tiqs.4 

00  71  PR.  7 

7.1111=  00  7700.0 

7.  1 60’ p  Q0  7  IPO . 4 

7 . 7  CPS  P  00  7104. 0 

’.7'77r  00  7 1  o  ?  .  4 

7.  Ml  OP  no  71R6.0 

7.  1670-  on  71 77. 6 

7.41PSP  00  7U7<? 

’.47S1P  00  7IS4.9 

7. c 141 P  00  7140. S 

7 . S  O  6  S  P  00  71  74.7 

7.6ROPP  00  71  os. o 

7.7 76>7 F  00  7QRS.6 

7.7PPPP  00  70S  1.7 

7.P6RSP  00  70’P.R 

7.0447F  00  7017.7 

0.0700*  00  6°"3. R 

1 . 1 050  =  00  >o'l,  l 

7.1O01F  00  6°70.4 

7 . 7  7 °4 p  00  5RP5.4 

7.76QOF  00  6R49.3 

7 . 4 4 4 7 c  00  6R0O.0 

7. S  SI  OP  00  67-7.4 

7.4474P  00  S7?7.S 

7.  7f SRP  00  6677. s 

0.P71PP  00  6670.0 

7.0R06F  00  6S7fl.o 

4.0P16P  00  6S24.6 

4 . 70S  1 F  00  646  A . 7 


FSIJ-C« 


5.P740F-71 
S.  97105-71 
s.  ni  osp-71 

S.POPSF-71 
S.  7O06P-7! 
S.70QSP-7! 
S.  P076F-71 
S.P0O6F-?! 
S. R?0?p-?1 
5. R348F-7! 

5.  PS74E-71 
s.P76?e.?i 
S.O074P-?! 

S.03S?p-?1 
S.0719F-71 
6.0137P-71 
6.060RF-71 
6.1135P-71 
6. 1770F-?1 
ft.?067F-?i 
6 . 307PE -?1 
ft . 3R5°F -? 1 
6.470OF-?! 

6.  F634P-71 
6.663RF-?] 
ft . 77?  7F-? 1 

6. PO00F-71 
7,0! 64F -?! 
7. 1S77F-71 
7.7C07F-21 
7.4S67F-71 
7. 6758= -?i 

7.  R076E -2 1 

O . 002OF-21 

P.  7136F-21 


SFC-i  r«-i 


3.3770F  OC 
7  .  S 1  4  P  F  00 
7.7340F  00 
7/’00Or  JO 

2.017SP  00 
1.0S74F  00 
1.O101F  t)0 
1.R710F  00 
1.R376F  )0 
1. 30RSF  00 
1.7R77P  oo 
1.7507E  JO 
1.7302F  00 
1.7700P  00 
1.7047C  00 
1.6904=  10 
1 • ft  7  R 1 F  00 
1 . ftftTSF  JO 
1.6597F  00 
1.6517P  )0 
1.6464F  00 

1.647RF  jo 

1 . ft  4 1 0  F  00 
1 . 64 OR F  OO 
1.6473F  )0 
1.64S6F  00 
1.6S04F  00 
1.6S69F  00 
1.66S0F  00 
1.674RF  00 
1.6867F  00 
1.6 993  c  00 
1.7142F  00 
1.7008F  JO 
1.749SP  00 


71 00.5 

7030.7 
70SP.0 
7004.0 
700R .? 
69R0 • ft 

60S1  .? 

6970.1 
6RR7 . 7 
6 R 5?  . S 
6°’ ft.? 
677R  .? 
ft  77  R  .  S 

6607.1 

6654.1 

6600. 5 

6563.7 

6515.4 
6466.0 
641S.0 

6362 .5 

6009.3 

6767.7 

6105.5 

6136.7 

6076.4 

6014.6 
5951  .  1 

5886.7 
S  81 0  .  ft 
57S 1  .4 
5681  .7 

5610.3 

5537.3 

5467. 5 
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*'AT"IX  ^  CTMSTPIN  a«r  am)  ffippr.iFi;  ppo  v=  4  Tfl 


0  TRANSITION'S  OF  MCI 


r.  _psancm 


P-RR  4NCH 


.1  (\J  J/w(/V'  !♦!■» 


c  s '  i-r  v 

0 

-6 . 6  6  ’s  r  _72 

1 

-*  .  * 4  -->7 

2 

-4.74  164-7-' 

i 

-  A  .  0  4  M  C  _  i  -> 

4 

-*  .O'  07'  -7-> 

* 

-7.30  7?f _  7  1 

6 

-7.7)  C)f.n 

t 

-7.76  lsr-27 

3 

-7.6 2C7F-27 

0 

-7.6  1*76 -77 

10 

-7.-6  746-77 

1  1 

—  6  .  7714f--'7 

1  7 

’ 1 706-77 

1  3 

-H.6640r.p7 

1  4 

- H , R  7 17T.7’ 

16 

-9  .  *  ?  166-7, 

1  6 

-0.44774-77 

1  7 

-r',7-J46r-77 

1  R 

-1.01  7l)F-?t 

1  0 

-1  ,06  7  R  r 

70 

-1.  10  r  e- 7, 

21 

-1 ,1406r-7) 

72 

-1.2  CC°F -p 1 

71 

-1 .2661C-71 

24 

-l.M  666-71 

26 

-  1 . 3  7  93F -?  1 

26 

-1.44  T’r-'i 

27 

-1 .6’09r-7) 

7  R 

-1.60 c*£  _p ) 

70 

-1.6R 344-7] 

70 

-1.7772F--M 

71 

- 1  .R6el E-?l 

77 

-I.0716F-P1 

73 

-2.0R17F-? 1 

34 

— 2.10R7p-71 

76 

-2. 72764 -pi 

A  6 


r  rr  - 1  CM-i 


3.61 RR4-JP 

03,01 .0 

4, 47466—07 

0715.7 

4.06666-07 

0776. 1 

6.  7  147F-07 

0334.4 

6, 67764-07 

0340. 1 

6.4'70F-0? 

0747. ? 

>  .311  66-07 

0343. R 

* .671 7F-07 

07.6  1.  R 

R .R406c_07 

073?.? 

T.  1  R1  66-07 

°370.0 

7. 647R6— O’ 

07  po. 2 

7.74906-07 

07C7.0 

°. 35776-07 

0207, 0 

°.R64ir-03 

0275.4 

0.7pr'56— 02 

0755. 3 

°.  07 ] 0  F -02 

0777.* 

1  .6161  36-01 

0707. 7 

1  .  1  •>776-01 

91-40.3 

1  .7  1036-01 

9 1  4  R  .  7 

1 .70*76-0] 

91 15.6 

1.307] 6-01 

0079.6 

]  .407*6-0] 

9041 . 0 

1.61766-01 

R0Q9  .  7 

1.T410F-0’ 

R955.7 

1 . RR 1 3  F-0 1 

RQOR.O 

7. 07C6F -01 

°R69. 2 

7.704RF-01 

RR06. 7 

7.3RRO6-0] 

8751.4 

2.60] 34-01 

8603.0 

7.R  1 17F-01 

96  71.7 

3.051 7F-01 

9567.4 

?. 317R6-01 

3499.0 

3.5O64F-01 

9420.3 

3. R04OE-01 

9755.4 

4.73R4F-01 

R 77 R .  7 

4 .*00  7  F— 0 1 

9197. 6 

<V  J/Mll/V'  J-l>  A 


PSII-Cf<  SFC-1 


CM-  I 


-6.3C076_7p 

-*. 77946-22 

-6.26676-7? 

-6  .20R2F -22 
-6.1555F-22 

-6.10976-p? 
-6.0701E-P? 
-6.0 7696-7? 
-6.01 12c-2? 
-6. OO?0C_?7 

-S.OP43C-2? 

-6.QR3RF-22 
-6.9O50E-7? 
-6.01 57F  -2  7 
-6.0499F-2 2 
-4.0PF4F-72 
-6.1567F-22 
-6.?’?IF-77 
-6.7247F-72 
-6.43?KI;-7? 
-6. 56146-2? 
-6.7076F-27 

-6.87536-22 

-7.0644E-22 

-7.2769E-2’ 
-7.S17IE-22 
-7.7752F-?? 
-R.0651F-72 
-R.3R02F-22 
-8.7282E-22 
-9.1064F-2? 
-Q.Sl°2F-2? 
-P.PFR2E-72 
-1.0454E-21 
-  1.0f,R4F-21 


1  .  J226F-01 
6.6276R-02 

6 . 79  76  c  -  02 

5.  7740E-02 

6.  OR  RR  F -0? 
4.R72RF-02 
4. SOM  F-0? 
4.  646FF-02 
4.41RRF-0? 
4.R074F-0? 
4. 71 74F-02 

4.1320F-02 

4.0686F-02 

6.0164F-02 

R.OR0RP-0? 

R. °5R7E-0? 

3.9616F-02 

3.9507F-02 

3.OR64F-0? 

6.02R1F-02 

4. 0RR3F-0? 

4.1664F-02 

4.262PF-02 

4.3797F-07 

4.S1ROF-07 

4 . 67  71 F-0? 

4 . R  R  70  4- 02 

5.0676E-02 

5.2962F-P2 

5.554RE-0? 

5.8388E-02 

6. 1527E-0? 

6 . 49  74  E-02 

6.R726F-02 

7.2RR1F-02 


9267.5 
o?46.5 
°223.0 
0107.0 
016R.5 
01 37.6 
0104.2 
006R.4 
0030.2 
RORO .  7 

R946.R 
R°0 1.5 

RR53.0 
"R04.1 
R7R2.0 
°697.6 
R6  4 1  .0 
RSR2.1 
R521.1 
8457. R 
R  792  .4 
R724.8 
R254.9 
R1R2.9 
R10R.6 
R072.2 

7953.4 
7R72.5 
77R9.2 

7703.6 

7615.7 

7325.5 

7432.8 

7737.6 
7240.0 
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w  A 'r  I  <  ci  r"M 


PtNSTFlM  A'S  AN)  FNFQP.irs  rflR  \J - 


4  Tn  °  T«4NSlfin»'S,  IF 


O'  .1  /•")/  V  ,U  1  > 
rsij-r  «• 
-ill  j=7  -•>: 

-  1 . 1  0 1  *  r  -  •>  7 

-  !  .0071C-T7 

-  1  .  J°  r/.r  -?  ) 

-  1  .0  A  97C-9? 

-  1  .0  767'  -79 

-  !  .9677P-  >> 

-  1  .0  ",  644  -9  9 

-  I .  ry.  joe-?? 

-1 .  ),  ‘','.11 

.0  •".]  p-?2 
-P.77 ?9-_, , 

-C  .p  4  94F  -  7  9 
-°.5/-06F-98 

-  7 , 9  846P -9  8 
-',.3  0*:8F-?8 
-S‘1  76>--  9  7 
-4.6  1  7  7  F  -  7  7 
-4.P  7  97  c  _  7  7 
-9,9C68E_?8 
"?.0lc,ir  -77 

-4.9orvr-?4 

'.!6:,p-’7 

7.04Piir_9^ 

M“',r-97 
7.4  1",')'  -7  } 

1  .00? 'F-9? 

1  . 7  o  40C  .9  9 
1  ,r  9?7P-9? 

I  ,«H  l<T  -?? 
7.70  pP-77 
omm -79 
?.  1  4  6‘r-7? 

7  .42  <  OL  -?? 

4.1 5ior- '? 


1- 70ANPM 


A  F 


6PF-1 

r  M-  1 

1  .  0084  r-03 

11747.1 

7.7443F-0* 

1 1774. 1 

7.98698-09 

11787.8 

9, 6  4  94P  —  Q9 

11980.8 

?.4747F-<)9 

1  mo.  8 

9.4  A4OP-03 

1 1 780.6 

7.4674F-03 

1 1 786.? 

? .4  9418-08 

1P77.6 

?.  8  79  9  r -07 

1  1  ’64. 8 

7. 7 8 70 r-03 

1  1 76?. 7 

7 . 70?Q  r-o  3 

1  1  »74 . 9 

9.089OP-08 

11714.7 

1 . O876F-07 

11:00.0 

1  .76O4P-07 

1  1’69.  8 

1 . 47668-07 

11738.4 

1.74714-03 

1 1 100. 8 

1  .  1  8')o  c  -0  8 

11 16?. 6 

8. 046  *  F  —  J 4 

11 1.9?.  7 

6.4P77F-Q4 

IIC'0.7 

4 . 7  0 4 1  P-04 

110*7.4 

7.7 764P-Q4 

loon?. 3 

R.9Q84F-04 

1 0O?  p . p 

6. 64! 4P-06 

10871 .0 

7.4771 f-04 

19011.6 

1  .7764  P-04 

10747.8 

4.0P96F-04 

10680. 4 

1 . 3  761  F  —  0  8 

1 0600.4 

1 . 0  1  1  4F -08 

10496.0 

7.0  OOO  F  —  0  8 

»  9446. 4 

4. 86osr-03 

1 J974.4 

4  •  2  776  p -()9 

19708.8 

P. 4728F.08 

1  9108.4 

1  .1  467  P -0? 

10104. 8 

1 . 8  3  7  or-07 

1 0094. 3 

1 .O76pc_09 

0009. 8 

7.6  064  F  -Q9 

0706. 1 

B-RP  A,  r  7 
<V  J/wil/V*  J-J>  a 

rs|)-p'<  <;fc-i 


-1.1  7  7  7  P  —  7  7 
-1.1 7  7 OP -?? 

-  1  . ]  477F-?7 

-  1  .  1MFP-?? 

-  1.  1 744E-7  7 

- 1 .  l  °oir-?? 

-  1 .7046F-2? 
-1.7710C-?? 
-1 .?7R1F-?? 

-  1  .  ?r  4  9r-?? 

-  1 . 7707F-9? 

-  1 .  ?pS0F -77 

-  1  .  ?CR0r  —  ? 7 
-1 .70RBF-7? 
-1.7174F-7? 
-1 .3774F-?? 
-1  .  374RP-7? 
-1  .7?14P-7? 

-  1 »  "*  1  4?F-?7 

. 701 ?F-?? 

-  1  •  ?p?6F-?? 
-1.78R7E-7? 

-  1 . ??  70F -?? 
-1.1BBRE-77 

-1 . 1 4 1 pp  —  ?2 

-  1 . 0B7PF-77 
- 1  .0741 F-7? 

- °. 8  o°l f -?  3 

-a.6«U 7F-?7 

■7.7863F-73 
6.7?78F-?8 
S  .  S  -r  1  1  p  _  7  7 
4.  ?PIQ  7p  _?9 

?.O07?F-?7 
1 .3876F-77 


6 •  708  9  p  -03 

7. Q077P-03 

7.S504P_J3 

7.44Sf,r-07 
7, 7QPQr*0^ 
7. 3°77F-07 
3.407QF-07 
7. 474QC- 03 
7.44Q7F-07 
7 . 4  (7  04  F  -  07 
’.*>01  7  F-03 
7.5167F-08 
7.8707F-09 
7. 81  1 8F-07 
7.4Rfl?C-07 

7.4444F-01 
7.3R3PC-07 
7. 70887-07 
3 . 1 R76F-07 
7.0686F-08 

7. RQ58F-07 

7.7700F-07 

7. 81 R7F-07 
7. 701 7F-07 
7 . 06  4?  F- O’ 
1.  81 oop - O 7 
1.8881F-03 
1.  7077F-07 
1 . 05  78E-03 

8. 141 4F-04 

8.  ^l  ?° F-04 
7.Q0O7F-04 
7. 740OF-04 

9.  8481  F  —  08 
7.1 8?  7F-05 


HfL 


F 

C«-  1 


1  17,78.4 
1  1  704. 7 

11781.8 
1  1’83.7 
1  1  777.4 
1  1  18p  .0 

11150.8 

1  1  1  00.8 

1 1064.1 

1 1010.3 

1 0060.8 
10Q1 6.6 
1 0P60. 8 
IOPC'7.0 

1 0740.3 

10678.9 

10600.1 
10*77.7 
1 0444  ,S 
10788.8 

1 0700.3 

10777.4 
1014?. T 
10084.1 

0064.4 
0871  .1 

9774.7 

9676.3 

967?.a 
Q46 7 .7 
0768.6 
q?46.6 
Q1  3  1  .  7 
9017.6 

8800.8 
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MiTPfX  FLE^MF,  E1NSTFIN  A  •  S  AND  ^NEROIES  FOR  V=  e  TO  5  TRANSITIONS  OF  HCL 

Pure  Rotation 

.1  <v  j/mh/v*  \  F 


FSII-C.M 

SFC-1 

CM-  1 

o 

l.?4ft1F-l A 

9.25  05  F 

-04 

1~.9 

i 

1 .’45?r-i 0 

3.3  5ft4  F 

-03 

75.  7 

7 

1 .? 444F-1 5 

5.2020F 

-02 

53.6 

t 

1  ..,»45Fr-1  3 

7. 35J7F 

-O’ 

71.3 

4 

l .54  6?f-ir 

1 .5ft42F 

-01 

39.1 

5 

1.54ft 7F -13 

2.7335c 

-01 

lOft.R 

ft 

1.7474F-18 

4. 3  31 0r 

-01 

124.4 

T 

1 .24P1F-1 3 

ft . 5  705  F 

-01 

141  .9 

H 

1.54POF-1 “ 

9.37ftOF 

-0! 

159.  3 

o 

1 .749Pr-l Q 

1 . 2  3ft5c 

00 

176.  7 

10 

l.?5C«r-i r 

1  .  7 109  c 

00 

193.0 

11 

1.25  19F-1 8 

2.215RF 

00 

211.0 

1? 

l  .2  5  31  F  -1  o 

2. 30® IF 

00 

227.0 

l? 

1.2ft44F-l a 

5.401, f 

00 

244.7 

I* 

I,7ftftqc-T  0 

4 . 2  7  2°  F 

00 

261 .4 

1  s 

1 . 2  5  73F-1 3 

ft  ,  1  5  53  F 

00 

277.3 

i  is 

1 .253QF-1R 

6. 1 7R3F 

00 

294.0 

IT 

1.56CsF-1 3 

7.2319C 

00 

310.  1 

i« 

1.262TF-1 R 

3.4331F 

00 

376.0 

lO 

1.7641F-1 3 

O. 74666 

00 

741. ft 

?0 

1.2ft  ftOE-1 3 

1  .1  174C 

01 

757.0 

71 

1 . 2  ft  3  OF  —  1  3 

1.27  0°  F 

01 

377.2 

2? 

1.2T01E-13 

1 .43ft2F 

01 

337.  1 

23 

1.2  722E-1 3 

1  .M2?  F 

01 

401 .7 

74 

1.27453-1 3 

1 .7C94F 

01 

416.1 

7* 

1.2  7  ftRE  -1 3 

1  • 9971 F 

01 

430.2 

26 

1.2 TS1F-1 R 

2."*0526 

01 

444.0 

2  T 

1 .2  3  15F-1 3 

5. 4  230E 

01 

457.5 

73 

1.2  340F-1 3 

2.6505F 

01 

470.  7 

29 

1  .2  3  ftftF-1  3 

2.33666 

01 

433.5 

30 

1.2391E-1B 

3.13106 

01 

496.1 

31 

1.2913E-13 

3.33236 

01 

508.2 

3? 

1.2944F-13 

3.44106 

01 

520.1 

33 

1 • 79  71F-1 R 

3.90506 

01 

531.5 

34 

1 .2  9<53F-1  3 

4.1 735  F 

01 

542.6 

35 

1.3025F-13 

4 . 4455  F 

01 

553.3 

I 


«  ATK  l  x  =  LF'*=\‘T5, 

=  1  ►  S  T  F  1 N  \  1  5 

A*;=  F  M=0  0  1  =  c 
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T0\N51TI=m 

°r 

*7=  l 

o  . 

70A»ir  H 

D-4R AN=  7 

J 

(\1  )/V||/\/<  j  ♦  ]  -> 

A 

F 

<V  J/MII/V*  J- 

1>  1 
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4N)  rNcDr.iF<;  FOP  V« 


s  Tn  Q  transitions  of  hc l 


C3-1 

3P37.? 
3303. 0 

3309. 7 
“r>!7.0 

3071.7 

3073. 7 

1o>3. 0 

3713.4 
<10  13.4 
3O0S.0 

3.3  7  3.7 

3079. 7 
3343.1 
P  343 . 3 
3  fi  7  1  .  3 
P707. 7 
3740.0 

3730.0 
3 7  17.7 
34  71.3 
3437.4 
3  907,4 
3943. 0 

3402.3 

1447.  13 

3400. 3 

3344 . 7 
37  34.4 

3234.3 
3140.0 

9001 . 3 

9030.3 

3049. 3 

7944. 7 

7734.3 
740,3.  1 


o-P’ftNr.H 
<V  J/MU/V*  J-1>  4 

FSH-C'3  3FC-1 


-1.3007F-21 
-1. 20946-21 
-1.2331F -2t 

-  1 .2734F-21 

-1  . 34046  —21 

-  1 .24116-21 
-1 .2939F-21 
-1 .24406-21 
-1.2417F-21 
-1 .23439-21 
-1 . 73’5F -21 

-  1 .23176-21 

-1 .27139-71 

-  1 .  ’3?of -71 

-  1 .2343F-21 
-l  .  741  99-21 

-  1  .?494f; -21 

-1 .2400F-21 
-1.2 73 IF -71 
-1.23P0E-21 
-1 .30376-21 
-1.  330  7F -21 
-1.79676-21 

-1 .39446-21 

- 1 . 4205F-21 
-1 .45006-21 
-1.5019E-21 
-  1 .54006-21 
-1.6035F-21 
-1.6627F-71 
■1.72945-21 
1 . 30145-21 
1.991 96-21 
1 .07006-21 
2.06036-21 


7.  7347F-01 

2.47096-01 

2.13965-01 

1 . 09406-01 

1.3953F-01 

1  .  307OE-01 

1 . 74  30F-  01 

1.4  9726-01 

1.637OF-01 

1.5O74F-01 

1.5540F-01 

I.H97F-01 

1.4975F-01 

1.440?5_0i 

1.4373F-01 

1.41966-01 

1.4042F-01 

1.30436-01 

I.79045-01 

1. 799°r-01 

1.30376-01 

1 .4034F-01 

1.41936-01 

1  300F-01 

1.4657F-01 

1  • 407°5-oi 

1 • 5364  F-01 

1.59196-01 

1.43466-01 

1.60476-01 

1 . 76206-01 

1.34066-01 

1 .02766-01 

2.0255F-01 

2.13526-01 


F 


r«-i 


9954.1 

3937.4 

3910.5 
«794.9 

9756.6 

9725.9 

9607.9 
9654  .7 

9619.4 

9577.4 
“534.4 
P4B9.4 

9440.9 
“300.5 

9337.7 
92P2.7 
"225.4 
9165  .7 
“103. F 
9030.6 
7073.1 

7004.4 

7933.4 
7760.0 

7694.4 

7606.5 
7526  l 

7443.4 
7358.2 

7270.6 

7180.4 

7087.5 
6002.0 

6803.7 

6702.5 
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MATP| 7  r^rwrvr^, 

P1NSTF1N  A  •  <; 

AN0  ENFUr.tFS 

fop  v=  1  rn  10 

TP  ANSI T 1  ON  S  PF 

HC.l 

P- 

>7  a  VIC  H 

P -33  ANC  H 

J 

<V  J/vi|/v*  .J+17 

A 

c 

<V  J/3U/V*  J- 

1>  A 

F 

f  s  u-r 

sfc-i 

C^-l 

Fiij-OM 

SCC-1 

CM-l 

0 

6  .3i.  71F-7  7 

2.1141F-04 

na76.4 

l 

6.1',i;r-77 

7.7  37SF-06 

10R47.1 

7.36R0F-27 

1.01 816-04 

10304.0 

"> 

4.77  7nC .77 

7. 36006-04 

10311.3 

7 . 1607  g -27 

7.73O0F-04 

107P7.R 

7 

6  ,°1  °0F-  77 

«.>1W-0F 

10319.6 

7. 2613F-27 

7.49816-04 

10713.2 

6 

s.n>»Qf,F-?> 

4. 771 2F-04 

1 0«60.4 

2.O037P-27 

1.8731F-04 

10730.4 

rt 

1.2173F-27 

1. line-ci 

10317. 3 

2.1707F-27 

1 .36641-04 

104PO.7 

1 

i.<,  4  0ir  -7 1 

S.677OF-04 

10712. 1 

2.1317F-27 

O.4616F-01 

1 0664. P 

7 

c.’  1  C’0F  -7  ’ 

6 • 01 30c -04 

10347.4 

1.70626-27 

1.O013F-01 

10627.1 

(7 

t,f|J?1C-71 

6.17716-04 

10370. 0 

1. 26306-27 

3.  1  66  0F-01 

101P6.2 

O 

* .7 1 0?F-?7 

7.2R47F-04 

10*15.0 

3.20246-24 

1.303OF-01 

10147. 1 

1  1 

*.17lar_27 

°.l 670c-04 

10731. 7 

3.430OF-26 

2.10116-06 

10404.0 

1  1 

7.0744F-77 

9.7111  F-04 

10777. 1 

-4.64626-26 

«.  26  36 1—08 

10444.4 

1  7 

7.c  077F-73 

1 .07R1F-07 

10747.  1 

-4.014 1 F -26 

4. 1061  P-06 

10790. 0 

1  1 

«.7r°7P-'7 

1.2711F-07 

10717.3 

-3.3720F-26 

1.4169F-01 

10774.2 

1  6 

0.9747F  _77 

1.1 747c -07 

10631.1 

-1 .2477F-27 

2. 7281P-01 

10774.1 

1  1 

1 .  a 47  7 r-07 

101 4O.0 

-I.1637F-27 

4.10HC-05 

1071 1  .7 

1  i 

1.1 17?F-77 

2.2707c-07 

10400.1 

-1.3066F-27 

1.51P6F-01 

10161.9 

i  y 

1.2 i37r -77 

7." 161 p-07 

10166.6 

—  1 .000 16-2’ 

4.1111 F— 01 

10077.1 

i « 

1.40’7r-77 

7 «  4  C  7 1  F— 07 

10570.3 

-2.0O60F-27 

7.0978F-01 

10001.7 

i  o 

1  .1  0  71 F -27 

6.7947P-03 

134 70.6 

-2.0P016-27 

6.  P271F-01 

°930.5 

’0 

1.7760E-2? 

1  •  i  1 1  ?  f  —07 

10417.4 

-1 . QO3  0F -2  * 

4.14166-01 

0312.7 

7  1 

2.01 S0F-7? 

4.O241F-07 

10760. 6 

-1.73066-27 

4.7117F-01 

0771  .0 

27 

2.7747F-?? 

».<,7FFF-ni 

10700. 7 

-  1  • 417 1 c -2  3 

7.09P1 6-01 

06  a  P.7 

7  7 

7.1667r-?7 

1.C1370F-02 

102  76.4 

-0.O177P-24 

1.3916P-01 

0601 .3 

•>', 

?.77<  >>F-77 

1  .  74qOF-02 

10163. 3 

-  3 • 319  3F  —24 

2.0133  F-06 

9611.1 

7  1 

3.71116-7? 

1  .4  744  F -02 

100O7.1 

3.6702P-24 

1.30116-06 

0418.1 

7 

7  .<•  1  l/.r  -7? 

2. 0447F-C? 

10022.3 

1.2471F-23 

2.0312E-01 

0322.1 

27 

6.0C67T-77 

2.17776-0? 

OQ47. 3 

2.74376  —27 

6.0m  P — 01 

0223. 3 

?« 

4. ip  77F -7 7 

7.1072F-02 

<3340.2 

7.6C316-2? 

1.5773P-04 

0120. P 

?'! 

1 . 1  7rf.r_?7 

3.7711F-0? 

0777.0 

1.01346-27 

2 . 09 1 7  F-04 

0011.1 

’0 

c .7 1 7 1 r -?2 

4.4715E-0’ 

0631.6 

6.7157F-23 

1.031 16-04 

3906.0 

*1 

F.3S70r-77 

i.io»?r-o? 

0131.3 

B.6040F-73 

3.0217F-04 

8797.4 

77 

7.1° 2or-7? 

4.61776-0? 

04*5.4 

I .0762F-22 

1.2056F-07 

8677.3 

77 

7.3  70T-?7 

7.P013F-02 

0730. 3 

1.713RF-22 

1.73486-03 

8157.1 

7  4 

2.77Q0E-7? 

O. 40746-0? 

0270. 3 

1.10416-77 

7.42646-07 

84"*  3.8 

7  S 

q.Mf,oe_7? 

1.11MF-01 

0111.  1 

I.O054F-72 

7.31 03F-Q7 

3706.2 
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C1NSTF1N  A'S  ANO  FN  IF  S  FflP  V«  6  TO  6  TRANSITIONS  OF  WCL 

Pure  Rotation 


J 

<V  J/“^  /V*  J+l> 

A 

F 

PSII-C** 

SFf-1 

FN-1 

0 

a, acaoc-oa 

17.2 

1 

1.766AF-1 A 

A. 7 AOOC-OT 

74.6 

7 

1.7670r-l« 

? . 077AF-0? 

61.7 

< 

1.7677F-1» 

7.T07AF-0? 

68. P 

A 

1.76  77F-1R 

1.AS67C-01 

86.0 

6 

1 .76A1F-1* 

7.6467F-01 

103.0 

6 

1.76  RTF -1  A 

A.07A7F-01 

120.0 

T 

1.7697F-18 

6.110AE-01 

177.0 

a 

1  ,?700r-l 

A. 7  166F-01 

167.  A 

0 

1.7  7C7F -1  A 

1.10A0F  00 

170.6 

10 

1.77  16F - 1  A 

1 . 6 A°AF  00 

1"7.  1 

11 

l.?7?6F-16 

7.0A7OF  OJ 

203.6 

1? 

1  .7  736F -1  o 

7,6 066c  00 

270.0 

1  ? 

1.77A7F -1" 

8.7709F  00 

776.  1 

1  A 

1.776FF-1A 

T.0671F  00 

26’.? 

1  A 

1. ’771F-1A 

A.  7766  r  00 

266.0 

1  A 

1.776AF-1" 

6.6A6"r  (JO 

2  63.  7 

1  7 

1  .77SRF-1  a 

6.60?6F  00 

200.? 

1  A 

1.7"  pe-1 R 

7.R000F  00 

7  1 A  .  6 

10 

1  .7R2RF-1 A 

O.0077F  00 

379.6 

70 

1  ■  7  0  AAF  » 

1  ,071 3"  01 

7AA.3 

71 

1.7S61F-I  « 

1.1771F  01 

366.0 

7? 

1.7"  7AF-1  A 

l.’72«»F  01 

773.7 

2  7 

1.7A96F-1  A 

1.4B37F  01 

367.2 

74 

1.701AF-1R 

1.6637F  01 

AOJ  .0 

?6 

1.70  VF-1  A 

1.R377F  0’ 

416. 6 

76 

1.70A1F-1R 

7.01OOF  01 

A’7.6 

77 

1  ,?  o  70F -1  A 

7.7167F  01 

440,  6 

7(1 

1.7OO0F-1R 

7 ,  A 1  07  F  01 

463.1 

7» 

1 . TO  10F-IB 

2.6296F  01 

466.3 

TO 

1.T070F-1" 

2.AA61E  01 

477.1 

M 

1.30AOF-1  A 

3.067OF  01 

4BA.6 

V 

1.T06OF-1A 

3.2OA0E  01 

409.  B 

77 

l.TOPPr-lA 

3.6237E  01 

610.6 

74 

1.T107F-1F 

7.7666F  01 

621.0 

76 

1.71 25F-18 

7.0AAIF  01 

630.0 
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N  ERIM 


«ATP|X  r|  r«CMTS,  F1NSTFIN  A'S 
R-13  o AMf  H 


j  <rv  j / j / v •  1+  i  •>  a 


Fsn-r  ■« 

SRC-1 

1 

1  .C007F-1  0 

2  .  A  1  q  0  F  01 

1 

i .« -Mor-i  o 

3.31A7F  01 

2 

1 .4411F-1 0 

7 . 4  a  oq  f  oi 

) 

l.MC’R-l  0 

7.S740F  01 

u 

l.,or«r-io 

7.4144=  01 

s 

1 .34C7F-1 3 

7.4  407  F  01 

6 

|  ,7 1  Oftr-I  q 

7,40178  01 

7 

1.2372'"-'  o 

3.  U77F  01 

7 

l  .2==7r_,  0 

3.7710=  01 

•J 

1.”?1F-1  0 

7. 1 141 F  01 

10 

i .  no4<--i  q 

2 • °034  F  01 

1 1 

1.1  4727-'  0 

2.3744=  01 

1  3 

1. 1 7  i*i--n 

2 . 7446  F  oi 

1  3 

1  , 0  A  ')4F  -1  0 

2.41 74F  01 

14 

1 ,034*8-' 0 

2.473RF  01 

1  4 

1.01 0?F -10 

2.3316F  01 

\f 

= ,  a  i  p  7r  - 1  n 

3.1 A4  7  F  01 

1  7 

C.4  4  70C--  , 

2.07O7F  01 

n 

S.JA147 -20 

I.AQ14R  01 

1  o 

7.7074F-20 

1 . 7  4  7q  f  01 

20 

0 , 7 1  1“=-23 

1.5145F  01 

21 

7.01 047-70 

1.4473T  01 

?? 

7.4  AQ-F -20 

1  .  3020F  01 

27 

7.0777r-?o 

1.1 S04F  01 

24 

6.644or-20 

1  .020‘iF  01 

74 

‘■.2()cnr -20 

a. Rftl 7F  03 

24 

T.74?7F-20 

7.472AF  03 

2  1 

F. 7 7 C"" -20 

6.34R3R  03 

23 

4,  7  A  43  T  —  7  T 

4. 1  QP1  F  00 

2<3 

4 , 2  n  24F  -2  0 

4.12?qr  00 

30 

2.7631--7  0 

3.1431F  00 

31 

7.22A4F-20 

7.30018  00 

32 

2.4ft 7° F-20 

1.SRR4F  03 

37 

7.0AOQF-20 

°  .  4 1  OS  F-01 

3  4 

1  .4  A  64F  — 2  0 

4.4O60F-01 

3  4 

A.SA(i?r_?, 

l  .  5  4  ?  ?F-  01 

AMI)  8NFRG1E=  FOR  V=  A  10  7  TRANSITIONS  OF 

R-RRANCH 


F  <V  J/«ll/V*  J-l>  A 


r.'A-i 

F  Sl)-Cu 

S=C-1 

’  2  A  7 . 4 

2  303.4 

1  . R  4  04 F -j  0 

3 . 77  2 1 F 

01 

271 fl. A 

1. 4F44E-10 

4. 4q7PF 

31 

27?3.4 

1 .6174= -10 

3.7ft  7=  F 

01 

2747.4 

1 .6461E-10 

5.1504F 

01 

7740.f 

1.674  ftF - 1 0 

5.0574F 

01 

2773.2 

1.70305-10 

4. qpqftF 

01 

’73S. 0 

1 . 731 3F-19 

4.1442F 

01 

2704.  1 

1 .74°4=-l o 

4. O072F 

Cl 

2406.4 

1 ,7«73r-l° 

4. 47268 

01 

2416.2 

1  .  414K-10 

4.  04  70F 

01 

74?S. 1 

1 . 44?PF-1=’ 

4.7047E 

01 

2437.2 

1.4702F-10 

4.7463E 

01 

7440. ft 

1 . 4076F -1 0 

4. 70"OF 

01 

7447.2 

1 .0247E-10 

4.64ft3r 

01 

2447.0 

1 .0416F-1 0 

4.4O70E 

01 

2444.1 

1 .07P3F-1Q 

4.5376E 

31 

2462.7 

2 . 004  4F - 1 0 

4 . 46  74  E 

01 

2464. 7 

2.0710F— 1° 

4.7P74F 

01 

246A.2 

2.0570F -1» 

4. 3056F 

01 

2460.0 

2 . 04?  7F-1 q 

4.2180E 

0! 

74  70.4 

2.1 0"0F-1° 

4.1240F 

01 

2470. r 

2.  1  3  3  0  F  —  1 0 

4.0766F 

01 

24ftq.B 

2.1 577F-10 

3.0232F 

01 

246P.0 

2.1 4 1  OF  - 1 0 

3. 3140= 

01 

’464.2 

2. 2057F-1O 

3.7022F 

01 

2461. 4 

2.2?40F-lq 

7.44428 

01 

2446.0 

2. 2617F-1P 

3.4643F 

01 

2451.7 

2.273OF-10 

3.7400F 

01 

2444. ft 

2 • 20448-1 0 

7 . 21 ?4F 

01 

2477.0 

2. 7162F-10 

3.0R21F 

01 

2424.  7 

2,7  762F-1 q 

2.04078 

01 

2414. 4 

2.35548-10 

2. 41 45  F 

01 

2407.4 

2.3737F-10 

2.67P0F 

01 

2304.4 

2. 3 01  OF -10 

2.5407F 

01 

23  32.  1 

2.4072E-1O 

2.4017F 

01 

152 


HCL 


r 

CM-1 


2 ’57. 8 
2235.0 
2?1 7. A 
21 'IB.  3 

2174.6 

2158.4 

2116.2 
20Q4.3 
2071  ,P 
2  04B.9 

2026.4 
200  1  .  5 

1077. 1 
l  °52 .3 
1P’7.0 
l^Ol  .3 
1«75.2 
1  «4P.ft 
IB  2  1  .7 

1704.4 

1766.3 

173B.7 

1710.3 
1 BR 1  .6 

1652.5 

1423.1 
14P3.4 

1553.7 
1332.0 

1502.2 
1471  .2 
143°. B 
140R.1 
1376.0 
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TeRIM 


MATRIX  FI  'CNT5, 

5]NSTF]N  A • 5 

AN']  F  NF  R0  IF  S 

5  np  v=  6  TO 

8  TRANSITIONS 

5)5 

p  - 

•3RANF  1 

P-8R ANCH 

J  /'•'  |  /  V  •  .)♦'> 

A 

c 

<  V  J/8IU/V*  J 

-1>  A 

r  5  u-  r  •* 

5Ff-1 

C  M- ' 

FS'l-CM 

SFC-1 

-B.74C4F-’  ) 

7 .Of 675 

01 

4457.9 

-5.-*84ir-’o 

3.6P08F 

01 

4468. 5 

-  5. 81 84E-2 J 

9.17405 

01 

-6.70945 -p  1 

8.04405 

01 

4481 . 8 

-■  .8602E-20 

4. 1054F 

01 

4. 79P7F 

01 

4497.8 

-1.P838F-70 

4.4R36F 

01 

-5  .4  E.E.OF  -10 

4. 18] 4F 

01 

4504. 4 

-5. 9194F -?0 

.7  0O9C 

01 

-5.44 40 F -20 

4.7471 F 

01 

4517.6 

-5.94715-20 

6. 061  75 

01 

-  4.414  7T  -  If) 

4. 7S78F 

01 

4  >  7  ]  .  4 

-5.99695-20 

4. 04  4  5 F 

01 

-4.60485-1  0 

4.7 1 74F 

01 

45.78.  1 

-S.038RF-20 

4. 8647F 

01 

-4  /f-tir.j  3 

4  .  *  7 1  0  C 

01 

4577. 3 

-6.08305-70 

4 . 800  8  F 

01 

-4.4  0i)3F  -20 

4.  74  wr 

0* 

4477. 1 

-6.1 2°6E-20 

4 . 746°  F 

01 

.4  .4674r-?o 

4.7  4O0r 

01 

4*  70. 5 

-6. 1 78  6F -20 

4. 699  1  F 

01 

-c.c  46ir-i0 

4.75C"F 

01 

4540.6 

-6.2702F-20 

4.6447F 

01 

—  4  .  r  /,  60  F  —  ?  0 

4 , 3 4 77 f 

01 

4640. 2 

-6.  28455-20 

4.61 645 

01 

-5.57  705-717 

4 . 1  iPflr 

01 

45  78.4 

-6.3415F-70 

4.  6 7 7 0 F 

01 

-6.47C?r-’0 

4.7  ?05F 

01 

4474. 7 

-6.4014F-20 

4 . 5  4  0 1  F 

01 

-4.4  1?4|--70 

4.7177F 

01 

45  70.8 

-6.4  64  7F -20 
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